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Abstract
Functionalizing graphene, the atomically thin carbon layer, has attracted considerable in-
terest in view of possible technological applications in using graphene in electronic devices.
The requirement of tuning the electronic properties of graphene in an efficient and control-
lable way has driven studies on graphene functionalization by metal deposition. Although
the macroscopic effects of metal adsorption or intercalation in supported graphene can
easily be accessed, the study of metal deposition on suspended graphene on an atomic
scale, in real time and under well-defined deposition conditions remained a challenging
task so far.
The low-energy electron point source (LEEPS) microscopy is an investigation tech-
nique based on Gabor’s holography principle and represents a lens-less transmission setup
whereby the divergent coherent electron beam is emitted by an ultra-sharp tungsten tip.
The electron reference wave interferes with the object wave, elastically scattered off the
sample, producing a hologram on a distant electron detector. The LEEPS microscope
realized at the UZH operates with coherent electrons in the 50-250 eV energy range, cor-
responding to de Broglie wavelengths in the range of 0.17-0.08 nm. Graphene is highly
transparent to low-energy electrons and has been successfully used as a substrate in several
LEEPS investigations. Owing to the high sensitivity of low-energy electrons to electric
and magnetic fields, the detection of even a fractional elementary charge has become pos-
sible. As alkali metals adsorbed on free-standing graphene are expected to transfer their
outermost electron, which in turn gets delocalized in graphene, a positive ion remains, and
single alkali atoms can thus be detected when adsorbed on free-standing graphene.
The work presented in this thesis represents the first in-situ experimental investiga-
tion of the deposition of alkali and transition metals on free-standing single and bilayer
graphene by means of the LEEPS microscope. In particular, the investigation has focused
on the adsorption and nucleation processes of Li, K and Cs alkali metals and of Pd as
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one representative for a transition metal. LEEPS images of metal deposition on graphene
under ultra-high vacuum conditions have been acquired in real time, respectively with
25 frames/second. A comparison between the acquired images for different alkali metals
shows a very similar signature; namely a bright spot due to the positive charge for Cs and
K and a much smaller one for Li. A further similarity between Cs and K has been ob-
served once the deposition has been terminated; these two metals do not remain localised
on the graphene, on the contrary to Li that forms localised charged entities. The analysis
of alkali metal deposition on adjacent domains of single and bilayer graphene showed that
they readily intercalate in between the bilayer domain. This finding allows to quantita-
tively analyse the particle density in the two graphene domains during the deposition and
eventually also under equilibrium conditions. In particular, the particle density in the
single layer domain has been found to be much lower than in the bilayer domain. Once an
equilibrium distribution has been established, a quantitative estimate of the difference in
the free energy of binding between the single and bilayer domains has been obtained for
K. A control experiment performed with depositing Pd shows the formation of a similar
distribution of clusters on both domains and no intercalation. The effect of the electron
beam illumination on the Pd cluster growth has also been investigated. The graphene
window imaged continuously during the deposition shows the formation of large islands;
while the adjacent windows imaged only before and after the end of the deposition ex-
hibit a high density of smaller clusters instead. Although the LEEPS technique does not
provide any information on cluster thickness, from a comparison with TEM images it was
inferred that such islands are thinner than 50 nm.
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Zusammenfassung
Die Funktionalisierung von Graphen sto¨ßt aufgrund der mo¨glichen technologischen An-
wendungen zunehmend auf Interesse. So haben Die Forderungen nach effizientem, kon-
trolliertem Regulieren der elektronischen Eigenschaften von Graphen diverse Studien u¨ber
Graphenfunktionalisierung motiviert. Dabei spielt das Versta¨ndnis betreffend die Einla-
gerungprozesse einzelner Metallatome ins Graphen eine zentrale Rolle. Wenngleich die
makroskopischen Effekte von Adsorption und Interkalation von Metallatomen in Graphen
auf einem Substrat leicht zuga¨nglich sind, stellt die direkte Beobachtung des Depositi-
onsprozesses auf freistehendem Graphen auf atomarer Skala und unter wohldefinierten
Bedingungen hohe Anforderungen.
LEEPS Mikroskopie ist eine Untersuchungstechnik, die auf dem Gaborschen Prinzip
der Holographie beruht. Es handelt sich um ein elektronenoptischen Aufbau ohne Linsen,
bei dem ein divergenter, koha¨renter Elektronenstrahl von einer ultra-scharfen Wolfram-
Spitze emittiert wird. An der Probe wird ein Teil des Strahls elastisch gestreut und dem
ungestreuten Anteil u¨berlagert. Diese U¨berlagerung repra¨sentiert das Hologram der Pro-
be und wird auf einem Detektor festgehalten. Das LEEPS Mikroskop der UZH arbeitet
mit koha¨renten Elektronen im Energiebereich von 50 bis 250 eV; das entspricht einer de
Broglie Wellenla¨nge von 0.17 bis 0.08 nm. Graphen ist fu¨r niederenergetische Elektronen
durchla¨ssig, und ist bereits in mehreren LEEPS Untersuchungen als Substrat erfolgreich
eingesetzt worden. Die hohe Empfindlichkeit von niederenergetischen Elektronen gegen
elektrische und magnetische Felder ermo¨glicht sogar den Nachweis von Bruchteilen der
Elementarladung. Das a¨ußerte Elektron von Alkalimetallen, die auf freitragendem Gra-
phen adsorbiert sind, wird transferiert und delokalisiert. Dadurch entsteht ein positives
Ion, und einzelne Alkaliatome ko¨nnen nachgewiesen werden.
Die vorliegende Arbeit stellt die erste experimentelle in-situ Untersuchung zur Adsorp-
tion und Interkalation von Alkali- und U¨bergangsmetalle auf freitragendem ein- und dop-
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pelschichtigem Graphen dar. Die Untersuchung fokussierte sich vor allem auf Adsorptions-
und Nukleationsprozesse der Alkalimetalle Li, K und Cs und des U¨bergangsmetalls Pd.
LEEPS Bilder von Metalldeposition auf Graphen unter UHV Bedingungen wurden in
Echtzeit, genauer mit 25 Bildern/s, aufgenommen. Der Vergleich zwischen den aufge-
nommenen Bildern zeigte einen sehr a¨hnlichen hellen Spot fu¨r Cs und K, und einen viel
kleineren Spot fu¨r Li. Nach dem Aufbringen wurde eine weitere A¨hnlichkeit zwischen
Cs und K festgestellt; die beiden Metalle bleiben na¨mlich nicht lokalisiert auf Graphen,
wa¨hrend Li lokalisierte geladene Einheiten bildet. Der Vergleich des Depositionsprozesses
von Alkalimetallen auf aneinander grenzenden Doma¨nen von ein- und doppelschichtigem
Graphen zeigte, dass in den doppellagigen Doma¨nen Interkalation zwischen die beiden
Graphenlagen stattfindet. Dieses Ergebnis wurde durch die Teilchendichteanalyse in den
zwei Graphendoma¨nen wa¨hrend des Aufbringens und im Gleichgewichtszustand gestu¨zt.
Insbesondere zeigte die einschichtige Doma¨ne eine deutlich niedrigere Teilchendichte als
die doppelschichtige Doma¨ne. Aus den Daten im Gleichgewichtszustand wurde eine quan-
titative Abscha¨tzung der Differenz zwischen den Bindungsenergien fu¨r K auf ein- und
doppelschichtigen Doma¨nen erhalten. In einem Kontrollexperiment mit Pd konnte die
Entstehung der gleichen Clusterverteilungen in beiden Doma¨nen, jedoch keine Interkala-
tion nachgewiesen werden. Die Wirkung der Elektronenstrahlung auf Pd Clusters wurde
untersucht. Das Graphenfenster, welches wa¨hrend des Deponierens kontinuierlich abge-
bildet wurde, zeigt grosse Inseln; die benachbarten Fenster, die nur vor und nach der
Deposition abgebildet wurden, zeigten eine ho¨here Dichte von kleineren Inseln. Obwohl
die gewonnenen Daten keine Information u¨ber die Clusterdicke enthalten, konnte aus dem
Vergleich mit TEM-Bildern entnommen werden, dass diese Inseln du¨nner als 50 nm sind.
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Chapter 1
Introduction
1.1 A brief introduction to graphene
In 2004, Novoselov and Geim reported the isolation of a single-layer of graphene on a silicon
oxide substrate by micro-mechanical cleavage of graphite (known as “Scotch tape method”)
[1]. This milestone discovery has brought this allotrope of carbon to the attention of
the scientific community, with the aim to characterise and understand its fascinating
properties.
Prior failures to isolate a two-dimensional layer were ascribed to the theoretical results
of Peierls [2], Landau [3] and Mermin [4, 5], predicting the instability of a truly two-
dimensional crystal except at zero temperature1. However, in the case of graphene the
presence of atomic-scale buckling [6] and intrinsic ripples [7, 8] accommodates the excess
surface energy, making graphene a very stable material.
The formation of a Pt(100) supported graphene layer was hypothesised already in
the late ‘60s to explain some low-energy electron diffraction (LEED) patterns of car-
bon overlayer formed by exposure and dissociation of hydrocarbons [9, 10]. These results
represented the starting point for the development of the well-known chemical vapour
deposition (CVD) protocol, nowadays widely used for the production of large graphene
layers on transition metal substrates [11–17].
The outstanding electronic properties of graphene are due to its peculiar band struc-
1The work of Peierls [2] and Landau [3] predicted the instability of a 2D infinite film at finite temperature
due to thermal fluctuations. For infinite 2D crystals characterised by short-range interactions in the ground
state, the Mermin and Wagner theorem [4,5] states that long-wavelength density fluctuations lead to atom
displacements growing with distance, causing the breakdown of the crystal long-range order. In both
cases, these findings are not contradicted by the existence of graphene. These results do not preclude the
existence of an almost perfect 2D lattice, and thus of a 2D crystal with ripples.
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ture. In a graphene layer, carbon atoms are arranged in a hexagonal lattice with two
atoms per unit cell (Figure 1.1a). Carbon atoms form in-plane σ-bonds via sp2 hybridiza-
tion with the three neighbouring carbon atoms; the out-of-plane pz orbitals contribute to
the formation of delocalized pi and pi∗ states, forming the highest occupied valence band
below the Fermi energy level EF and the lowest unoccupied conduction band above EF.
The electronic band structure of graphene, calculated in the tight-binding approximation,
results in a linear dispersion relation at low energies:
E± = ±}νF|k| , (1.1)
where } is the reduced Planck constant, νF the Fermi velocity, and k the wave vector.
The positive solution refers to the conduction band (upper band in Figure 1.1c), while the
negative solution corresponds to the valence band (lower band in Figure 1.1c). The pi and
pi∗ orbitals are degenerate at the K (and K ′) point of the Brillouin zone, making graphene
a zero band-gap semiconductor. These contact points are known as ”Dirac points”2 and
coincide with the Fermi level; the conical electron and hole bands are called ”Dirac cones”.
This nomenclature comes from the equivalence of the dispersion relation (equation 1.1) to
the massless Dirac equation. According to that, charge carriers in graphene can be thought
as massless Dirac fermions with extraordinarily high velocity. Graphene, indeed, has shown
to be the material with the highest carrier mobility, that has been experimentally found
to be of ∼ 2 × 105 cm2 V−1 s−1 at room temperature [18–21]. This band structure is
responsible for the exceptional electronic properties of graphene [22] such as the room
temperature quantum Hall effect [1, 23].
The peculiar properties of graphene make this material a promising candidate for a
wide range of applications. Since its discovery, graphene has been considered as a possible
substitute of silicon to improve the performances of microelectronic devices [1, 19, 24]. It
finds applications also in the field of hydrogen storage [25] and chemical sensors [26] thanks
to its large surface area. Moreover, graphene exhibits an exceptional mechanical strength
[27] and a high thermal and electrical conductivity [22,28], features that allow for the use of
graphene as transparent substrate for transmission scheme microscopy investigations [29–
33].
2They are also called ”neutrality points”.
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Figure 1.1: Graphene lattice and band structure. (a) Real space lattice. The labels A
and B indicate the two triangular sublattices. a1 and a2 are the primitive vectors and
subtend the primitive unit cell depicted in light blue colour. (b) Reciprocal space lattice.
The corner of each Brillouin zone (gray hexagons) coincides with a Dirac point. b1 and
b2 are the reciprocal lattice vectors. (c) Three dimensional band structure of graphene
showing the zero-gap at the K and K ′ points in the reciprocal space. The zoom at one of
the K points shows the Dirac cone structure. Adapted from Ref. [22].
1.1.1 Graphene functionalisation
Despite its outstanding properties, graphene needs to be functionalised in a controllable
way for its practical use in electronic devices. It has been demonstrated that it is possible
to tailor the graphene electronic properties by adsorbing atoms or molecules on its surface.
The nature of the adsorbed specimen will determine the strength of the chemical bond and
the charge transferred to the graphene layer, that in turn will determine the final electronic
properties of the functionalised graphene [34]. Thus, depending on the adsorbed specimen,
it is possible to tune a specific property. For example, it can be possible to open a band-
gap [35–37], create localized magnetic moments [38,39], or increase the spin-orbit coupling
strength, which can induce superconductivity [40–43].
Graphene can be doped with electrons by deposition of electron donor adsorbates;
the Fermi level shifts upward the Dirac point indicating an n-type doping. The hole
doping can be achieved by deposition of electron acceptor adsorbates; the outcome is
p-doped graphene. The effect of the doping on the band structure of graphene at the
K and K ′ points is depicted in Figure 1.2a. The Fermi level shift with respect to the
Dirac point, ∆EF = ED − EF, defines the amount of charge eN transferred between
the adsorbed metal and the graphene [44]. In fact, in the low energy range, the density
of states (DOS) can be described by a linear function: D(E) = D0|E|, where D0 =
3
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0.09 eV−2 (unit cell)−1; the value of N can be obtained integrating D(E) between the
Dirac point and the Fermi level, and the resulting equation depends only on the Fermi
level shift: N = sign(∆EF)D0∆E
2
F/2. According to this equation, N is negative for
n-doped graphene and positive for p-doped graphene.
The adsorption of alkali metals and of alkaline earth metals can result in efficient
doping. At sub-monolayer coverage such metals transfer almost all their outermost electron
to graphene, tuning the carrier concentration to give rise to n-type doping (see for example
Ref. [34] and Ref. [45]). This class of metals has been predicted to enhance noticeably the
electron-phonon coupling leading to a critical temperature for superconductivity of several
Kelvin degrees [41,43]. While alkali metals are characterised by a quasi-ionic bonding with
graphene, transition metals tend to form a strong covalent bond. The resulting strong
electron-electron interaction can be used for spintronic applications [38,46].
A further and pronounced influence on graphene properties arises from the interaction
with a supporting substrate. The charge transfer and the breaking of the A and B sublat-
tice symmetry cause a shift of the Dirac point and the opening of a band gap depending
on the strength of the bond. As an example, a SiC substrate is widely used for its ex-
tremely weak bond with graphene; the doping is through electron transfers to the pi∗ band
of graphene, causing a shift of the Dirac point to 0.4 eV below the Fermi level [47,48] and
a band gap of 0.26 eV [48]. In this case, as well as for metal substrates weakly interacting
with graphene, the conical shape of the pi and pi∗ bands is maintained. The situation is
different for metal substrates strongly interacting with graphene: the strong hybridization
of the graphene and metal orbitals causes a distortion of the Dirac cone, along with the
downshift of the pi band with respect to EF and the band gap opening [49,50]. Thus, the
interaction with the substrate shows to be a limiting factor for potential graphene appli-
cations. An efficient way to decouple the substrate from the graphene is by intercalation
of atoms in between them. However, the intercalants contribute to the functionalisation
of graphene, although preserving most of its properties.
Compared to the single-layer graphene, the band structure of the bilayer graphene
exhibits a quadratic spectrum and contains two additional pi and pi∗ states (Figure 1.2b)
since the unit cell contains four atoms. Any perturbation of the lattice symmetry, as
like the presence of adsorbates or a supporting substrate, causes a band gap opening at
the Dirac point [51]. Like single-layer graphene, bilayer graphene can be functionalised
in order to control the carrier density, the occupation of electronic states near the Fermi
4
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Figure 1.2: Sketch of the electronic band structure of pristine and doped graphene around
the K and K ′ points. The cyan colour depicts the occupied states, while the magenta
colour indicates the unoccupied states. (a) Electronic band structure of pristine, n-doped,
and p-doped single layer graphene. The Fermi level is indicated by the green dotted line.
In this scheme, the zero band-gap is preserved. (b) Electronic band structure of pristine
and doped bilayer graphene.
level, and to enhance or reduce the band gap [52].
1.1.2 Graphene characterization
In this section, the most common experimental surface sensitive techniques for graphene
investigations will be briefly introduced. It should be noted that there are not many
techniques allowing for graphene characterization.
Spectroscopy techniques are employed to detect and quantify graphene doping. Among
the spectroscopic techniques, Raman spectroscopy is a standard method to examine graphene
quality. This technique investigates the inelastically scattered photons from a laser beam
incident on the sample. When the incident radiation excites an electron from the ground
5
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level, an unstable virtual state is created; it decays in a vibrational level re-irradiating as a
scattered photon less energetic than the incident radiation (Stokes Raman scattering). By
contrast, when an electron is excited from the vibrational level and decays in the ground
level, the scattered photon is more energetic then the incident radiation (anti-Stokes Ra-
man scattering). The shift in energy of the scattered photon with respect to the laser
photons provides information on the vibrational modes of the sample. The analysis of
the typical Raman peaks of graphene can provide information on graphene quality and
doping3 [53,54]. The spatial resolution of a Raman spectrometer can be in the sub-micron
range.
Photoemission electron spectroscopy techniques, PES for short, are based on the pho-
toelectric effect. Depending on the frequency of the radiation source, it is possible to
investigate the core-level states or the valence band of a solid. In the first case, X-rays
are used, and the technique is called X-ray Photoelectron Spectroscopy (XPS) or Electron
Spectroscopy for Chemical Analysis (ESCA). In the second case, ultraviolet radiation is
used in the Ultraviolet Photoelectron Spectroscopy (UPS), while soft X-rays are typically
employed in the Angle-Resolved Photoelectron Spectroscopy (ARPES). ARPES allows to
investigate the band structure as a function of energy and momentum, and it is widely
used to study the Dirac cone of graphene systems [55]. All these techniques require to
operate in the ultra-high vacuum (UHV) regime.
The photoelectric effect is also the working principle of the Photoemission Electron
Microscope (PEEM). In this microscopy technique, the photoelectrons emitted from the
sample are accelerated towards a system of magnifying electron lenses. The local different
work functions give rise to different electron emission that results in the image contrast
recorded at a 2D detector. The spread in the energies of the emitted electrons, ranging
from the energy of the ionizing radiation to the work function of the sample, is the pri-
mary source of aberrations in this kind of microscopy. As for PES spectroscopies, UHV
conditions are required.
The graphene surface, as well as the distribution of adsorbates and of defects on it, can
be characterized by means of microscopy techniques. In the Low-Energy Electron Micro-
scope (LEEM), the image is formed from the back-scattered electrons created by probing
3The information provided by a Raman spectrum of graphene are typically the presence of defects
(existence of the peak at 1350 cm−1, called D mode), the occurrence of strains, impurities or charges on
the graphene surface (peak at 1583 cm−1, called G mode), and the number of graphene layers (peak at
2700 cm−1, called 2D mode) [53].
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electrons decelerated to energies below 100 eV. Low-energy electrons are characterised by
a short inelastic mean free path, making them very sensitive to the surface of the sam-
ple. The reflected electron intensity as a function of the probing electron energy, called
IV-curve, provides spectroscopic information: in fact, it shows a minimum at energies for
which the probing electron energy coincides with the energy of an unoccupied state in the
sample. LEEM allows for imaging dynamical processes on a surface with nm resolution.
A low-energy electron beam (20-200 eV) is used also in Low-Energy Electron Diffrac-
tion (LEED), a method widely used to study the surface structure of crystals. The elas-
tically backscattered fraction of a collimated electron beam forms a diffraction pattern
on the detector. In LEED acquisitions, a large area of the sample is illuminated by the
electron beam; this technique probes the long-range periodicity of the sample, but does
not allow for detecting local defects.
Transmission Electron Microscope (TEM) and Scanning Electron Microscope (SEM)
employ an electron beam with higher energies with respect to LEEM to image the sample.
A typical TEM microscope is equipped with a 60-300 keV electron beam; nevertheless, for
graphene investigations a beam with an energy at or below 80 keV is used to minimize
knock-on damages [56]. The electrons transmitted across the sample allow for imaging
free-standing graphene, even at atomic resolution in the case of the High-Resolution TEM
(HRTEM) [57]. Due to its high transparency to electrons in the keV range, suspended
graphene finds applications as substrate for TEM studies (see e.g. Ref. [58]). In the
SEM microscope, the sample is scanned by a focused electron beam operating typically at
energies in the range 0.5-40 keV, achieving a resolution in the nm range scale. The image
of a graphene sample is usually obtained detecting the secondary electrons, being emitted
very close to the surface. In both TEM and SEM, the sample is subjected to electron
beam induced contaminations.
The Scanning Tunnelling Microscope (STM) and Atomic Force Microscopy (AFM) are
imaging techniques based on the interaction of a sharp tip with the surface of the sample.
In STM, the tip scans the surface at a distance such that electron tunnelling can occurs
between the sample and the tip, to which a bias voltage is applied. During the scan, a
constant tunnelling current flow is ensured while adjusting the tip-sample distance. The
STM image, given by the plot of the height as a function of position, provides an atomic
resolution topographic map of the sample. The tunnelling current depends also on the the
local density of states (LDOS) of the sample, which can be probed operating the STM in
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a Scanning Tunnelling Spectroscopy mode: the tunnelling current is measured versus the
bias potential between the tip and the sample keeping a fixed height [59]. The tunnelling
conductance dI/dV relates to the LDOS at the tip position.
Differently from STM, AFM can also investigate the surface topography of insulators
and measure the physical height of features on the surface. The variations of the force
between the atoms of the surface and the apical atoms of the scanning tip is measured
through the deflection of a cantilever attached to the tip, giving rise to a 3D mapping of
the surface. The typical height resolution is of the order of 0.03 nm and forces in the pN
regime can be resolved.
Combining microscopy techniques with spectroscopic techniques, a complete charac-
terization of doping adsorbates on graphene can be achieved. Nevertheless, the direct
visualization of individual adsorbates and their charge transferred to graphene is still a
challenging measure.
1.2 Aim of the thesis
The aim of the present thesis work is to perform a direct visualization of the adsorp-
tion and the nucleation of metals on free-standing graphene. To achieve this goal, a
dedicated low-energy electron point source (LEEPS) microscope has been employed, a
lens-less transmission setup designed for in-line electron holography [60]. The microscope
operates under UHV conditions and allows for in situ deposition during the acquisition
of the images. The low energy of the probing electrons, typically in the range of 30-250
eV, allows to image charged impurities with a sensitivity of a fraction of an elementary
charge [61]. Thus, the LEEPS microscope is ideally suited to investigate the alkali metal
deposition on free-standing graphene. In fact, alkali metal atoms get positively charged
upon adsorption on free-standing graphene, associated with a charge transfer close 1e [34].
LEEPS investigations allow for the direct imaging of a single alkali metal adsorption event,
giving information on the position and on the charge transfer of individual adsorbates at
the same time.
The transparency of graphene to electrons in the range of energies of the LEEPS
electron beam amounts to∼70% per layer, allowing consequently to image bilayer graphene
[62,63]. The second goal of this thesis work is the observation of alkali metals intercalated
in between the free-standing bilayer graphene. It is well known that alkali metals readily
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intercalate in graphite through the step edges of its carbon layers [64]. It is therefore
conceivable to also expect intercalation in free-standing graphene samples exhibiting a
step edge between the single-layer and the bilayer domain.
Together with these primary motivations, the deposition of Pd has been studied for a
comparison between the adsorption and nucleation properties of alkali metals and transi-
tion metals on free-standing single-layer and bilayer graphene.
Free-standing graphene provides true two-dimensional graphene, without effects in-
duced by a substrate, and thus the study of metal deposition on it could provide further
insight on the metal-graphene interaction.
1.3 Outline of the thesis
This thesis is organised as follows:
Chapter 2 is dedicated to the state of the art of metal adsorption on graphene. First,
experimental as well as theoretical predictions on alkali metal adsorption on graphene will
be presented. The second part will review the literature results on the adsorption and
nucleation of transition metals on graphene.
In chapter 3 the focus will be on the low-energy electron point source holography, which
has been used to investigate metal adsorption and nucleation on free-standing graphene.
A brief introduction to in-line holography and the last achievement obtained with this
technique are presented in the first part of the chapter, followed by the description of
the LEEPS microscope built at the University of Zurich and used for the investigations
reported in chapter 4.
In chapter 4 the experimental results on metal adsorption on graphene will be presented
and discussed. The chapter starts with alkali metal deposition on free-standing single-layer
graphene, followed by their deposition onto bilayer graphene, where intercalation in be-
tween the graphene layers has been observed. The deposition of Pd, as representative
of transition metals, has been investigated on single-layer and bilayer graphene. More-
over, the effect of the electron beam illumination on Pd nucleation has been studied. To
conclude, the nucleation of Cs on pre-existing Pd clusters will be reported.
Finally, chapter 5 will summarise the conclusions and provide an outlook for possible
future investigations.
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Chapter 2
Metal deposition on graphene:
results from the literature
Graphene functionalisation has been widely studied as a necessary step to tune the graphene
electronic properties, such as changing the carrier concentration or opening a band gap at
the Dirac point. Adsorption of metal atoms on graphene is one of the possible function-
alisation methods. The resulting electronic properties are strongly related to the nature
of the bond between the adsorbate and the carbon atoms [46]. Alkali metals adsorb
on graphene forming an ionic bond, thus acting as electron donors; the increase in the
number of charge carriers can contribute to the superconductivity of alkali metal coated
graphene [40]. Transition metals, on the contrary, adsorb forming a covalent bond, and can
be used as a tool to tune the magnetic properties of transition metal coated graphene [46].
In addition, different metals exhibit different growth morphologies [65].
Metal deposition can give rise not only to metal adsorbates on the surface, but also to
intercalated structures in graphite and supported graphene. Graphite intercalation com-
pounds (GICs) have been investigated since the 1970’s as a way of tuning the graphite
electronic transport and optical properties [64]. Intercalation in supported graphene, in-
stead, has been widely studied mainly as a way to decouple the graphene layer from its
substrate [66,67].
In this chapter, the state of the art concerning metal deposition on graphene and
graphite is reviewed. The focus is on alkali and transition metal adsorption, nucleation
and intercalation properties, highlighting results for Cs, K, Li and Pd deposited by phys-
ical vapour deposition on graphene or graphite at room temperature and under UHV
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conditions. These are, in fact, the same conditions of the experiments performed for this
thesis work, and they may allow for a direct comparison with the results presented in
chapter 4.
2.1 Alkali Metal adsorption
The following section reports on the literature concerning alkali metal adsorbate arrange-
ments and the charge transferred to graphene, as well as on the energetics related to
adsorption and diffusion. Experimental results are reported for supported graphene. Con-
cerning free-standing graphene, to the best of my knowledge, only theoretical predictions
can be found in the literature.
Doping graphene with alkali metals allows to modify the carrier density in graphene
without affecting the Dirac cone shape. Both experiments [68–76] and theoretical studies
[45,77–81] have shown that alkali metals adsorbed on graphene easily donate their valence
electrons; such electrons become delocalised over the graphene sheet, giving rise to a
polar bond and an n-doping of graphene. Below, theoretical predictions on free-standing
graphene, and experimental results on alkali metals on supported graphene, are reported.
2.1.1 Adsorption on free-standing graphene: theoretical predictions
Adsorption of metals on graphene is the topic of several studies, based on density functional
theory (DFT) calculations. These simulations are absolute zero temperature models, with
results strongly dependent on the choice of the model and the method, as pointed out
by Dimakis et al. [81]. As an example, the DFT calculations performed by Lugo-Solis
and Vasiliev [77] on K adsorbed on graphene show values depending on the exchange-
correlation functional employed: the binding energies calculated by generalised gradient
approximation (GGA) functional are ∼20% lower than those obtained by local-density
approximation (LDA), reflecting the tendency of the LDA functional to overestimate the
binding energies; the equilibrium distances calculated by GGA, instead, are larger than
their corresponding LDA values since LDA underestimate the interatomic bond lengths.
Nevertheless, these studies can provide trends for predicting the properties of alkali metal
atoms adsorbed on graphene, as a function of the chemical specificity and the coverage.
For a single alkali metal on graphene, the hollow site (H) has been found to be the
more favourable adsorption site, followed by the carbon bridge (B) and the top of a carbon
12
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Figure 2.1: Adsorption on free-standing graphene. (a) An adatom on graphene can adsorb
on the hollow site (H) in the center of the carbon hexagon, on the top of a carbon atom
(T), or on the bridge site (B) between two bonded carbon atoms. (b) Bonding electron
distributions (BED) induced by Li, Na, and K adsorption on graphene. The orange color
(+0.004 e/A˚3) indicates an electron density increase, while the cyan color (-0.004 e/A˚3)
indicates an electron density loss after bonding. Image adapted from Ref. [65]. (c) Sketch
of the 4 × 4, the 2 × 2, and the 1 × 1 supercell.
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atom site (T) [45,79,80]. The position of such adsorption sites is depicted in Figure 2.1a.
The H site remains the most stable adsorption site, even when the adatom concentration is
varied [78,80]. In order to gain higher coordination in the H site, the adatom is also closer
to the graphene sheet, reducing the electrostatic energy [45]. In addition, the adsorption
of an alkali metal on graphene causes a negligible distortion of the graphene lattice [34,79].
The distance between the adsorbate and the graphene layer, h, shows a strong coverage
dependence. An increase in the coverage corresponds to stronger dipole–dipole repulsions
that cause a less negative adsorption energy and an increase in h [78,80,81]. Jin et al. [78]
reported a minimal value for h (2.12 A˚ for Na, 2.54 A˚ for K, 2.69 A˚ for Rb, and 2.79 A˚
for Cs) at a coverage of about 0.03 adatom/C, corresponding to a (4 × 4) supercell for all
alkali metals, with the exception of Li, for which the minimum value h = 1.51 A˚ occurs
at a coverage of about 0.07 adatom/C, corresponding to a (
√
7 × √7) supercell. The
authors explained this behaviour in terms of Coulomb attraction between the adsorbate
and the graphene, which is enhanced by increasing coverage up to 0.04 adatom/C. Above
this coverage, the charge transferred by the adatom to the graphene decreases, reducing
the Coulomb attraction and, as a consequence, h increases. A minimum for h has also
been reported by Dimakis et al. [81] for Li and K, with the minimum found at the same
density of about 0.03 adatom/C for both metals, while no minimum has been reported for
Na.
One of the most used methods to calculate the charge transferred by alkali metals to
graphene, ∆q, is from DOS calculations, which analyse the Fermi level shift with respect
to the Dirac point [44]. The Fermi level, and thus ∆q, depends on the coverage that is
given by the supercell size in the simulations [79]. ∆q decreases with the coverage, and
this result has been obtained independently on the method used to calculate the charge
transfer [77, 78, 80, 81]. At low coverage, the s electron of the alkali metal is completely
transferred to the graphene1 [34,65,77,78]. In the work of Jin et al. [78], ∆q decreases as
the inverse of the coverage for a coverage above 0.04 adatom/C for all alkali metals except
Li, for which it begins at above 0.08 adatom/C. Furthermore, Li transfers more charge
to the graphene than Na or K [78]. This difference has been attributed to the smaller
ionic radius of Li, which affects the onset of the dipole moment depolarisation fields at the
adatom-graphene interface. The simulated bonding charge density distribution, reported
1In Ref. [65], a charge ∆q ∼ 0.5e was reported for Na and K at low coverage. It should be noted that
in that work ∆q was calculated using the Mulliken population analysis instead of the DOS analysis.
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in Figure 2.1b from Ref. [65], indicates that the charge transferred from the alkali metal
is delocalised.
The adsorption energy, Eads, is calculated as the difference between the energy of the
system made up by the adatom on the graphene and that of the isolated graphene and
the isolated adatom [34, 45, 79]. For highly polar-bonded adatoms as like alkali metals,
Eads and the charge transfer result from a balance of the electronic energy of the electrons
transferred to the graphene, the Coulomb interaction between the charged adatom and the
surface, and the short-range adatom dipole–dipole repulsion [71]. The studies performed
by Lugo-Solis and Vasiliev [77] on K adsorbed on graphene highlighting the dependence
of Eads on the size of the supercell. This dependence indicates the existence of long-
range interactions between the graphene surface and the K adatoms, which the authors
introduced in their model as classical electrostatic interactions. In the DFT calculations
performed by Jin et al. [78], Eads exhibits a weak parabolic-like behaviour with respect
to the coverage, with a minimum of Eads absolute value for a coverage of about 0.07
adatom/C for all alkali metals. This effect is more pronounced for Na, while it is negligible
for Cs and Li. At high coverage, adatoms become more closely packed and start to form
metallic bonds with each other, leading to a weaker adatom–graphene interaction and a
less negative resultant adsorption energy [81]. The relatively high ratios of adsorption
energy to bulk cohesive energy, ranging from 0.60 for Na to 1.80 for Cs, suggest that
alkali metals are able to form 2D layers on the surface of graphene (in agreement with
experiments observing 2D alkali metal layer formation on graphite [71]) [65]. An exception
was provided by the simulations of Liu et al. [82] on Li nucleation on graphene. These
authors found that the concentration of Li affected the nucleation barrier, leading to the
formation of Li clusters at high coverage. Clusters containing less than 7 Li atoms have
been predicted to prefer three-dimensional shapes.
The nature of the interactions between alkali metal adsorbates on graphene is still
subject for discussion. For example, a repulsive dipole–dipole interaction has been reported
for K adatoms on graphite [83]. A study on Cs adsorption on graphene instead identified
a repulsive Coulomb interaction extending over larger distances2 as the typical kind of
interaction between adatoms [70]. A further work on K adsorbed on graphene reported
a screened Coulomb interaction, originating from graphene electron density oscillations
2Song et al. [70] found an electrostatic potential between Cs ions on graphene decaying as 1/r, that is
much slower than the 1/r3 decay reported for Cs ions on graphite.
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induced by the positively charged adatoms [84].
The binding energy calculated for the H, B and T sites has led to the identification
of H as the energetically most favoured adsorption site. Nevertheless, the differences
in the binding energy for these three sites is small (see, e.g., Ref. [45] and Ref. [79]),
leading to a small activation barrier for diffusion. The diffusion barrier of alkali metals on
graphene have been found to be in the range of 0.03–0.16 eV, with the exception of Li, for
which the diffusion barrier is higher (0.3 eV) [45, 65]. Thus, at room temperature, alkali
metals are highly mobile. Among the two possible diffusion paths, H–T–H and H–B–H, the
diffusion through the bridge site has been reported to be the minimum energy path [80,85].
The diffusion barrier, moreover, decreases with an increase in coverage [80]. The smaller
diffusion barriers and larger adsorption energies for Cs and K promote the continuous
growth of 2D layers on graphene, while the larger diffusion barriers for Li and Na lead to
the formation of small islands [79].
2.1.2 Adsorption on SiC-supported graphene
This subsection is devoted to alkali metals deposited on the surface of SiC-supported
graphene. Together with adsorption on the surface, intercalation between the graphene
and the buffer layer, and between the buffer layer and the Si substrate may also occur.
The intercalation of alkali metals in SiC supported graphene is detailed in section 2.2.3.
Graphene epitaxially grown on SiC(0001) exhibits a very weak interaction with the
substrate, and an extremely low number of defects. The first carbon layer, called the
’buffer layer’, is bonded covalently to the substrate and does not exhibit graphene-like
features. Its presence allows the second carbon sheet, the graphene layer, to exhibit
electronic properties very similar to those of free-standing graphene [86]. The interaction
between the substrate and the graphene gives rise to a downshift of the Dirac point of
about 0.4 eV with respect to the Fermi level [47]. Moreover, the difference between the
lattice constant of SiC (3.07 A˚) and of graphene (∼2.46 A˚) gives rise to a (6√3 × 6√3)
graphene commensurate superstructure rotated 30° with respect to the substrate [87],
with valleys related to regions of lattice matching and rims made up by regions of lattice
mismatch (Figure 2.2a).
The growth morphology of Li at room temperature has been investigated by Viro-
janadara et al. [68] using the LEEM. After Li deposition, the formation of islands about
70 nm wide was observed (Figure 2.2b). Coalescence of these islands has been reported,
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both with time and with annealing.
In contrast to Li, small amounts of Na deposited on SiC supported graphene form
linear chain structures, aligned along the threefold symmetric directions of the substrate
(Figure 2.2c) [69]. With higher coverage, such chains coalesce into islands characterised
by the same 6× 6 corrugation of SiC supported graphene.
The formation of an ordered structure has also been reported for Cs by Song et al. [70].
Differently from the works cited above, Cs has been deposited on a cooled graphene sample
(150 K), and imaged in an STM at 4.8 K in the Song et al. experiments. No Cs superlattice
has been observed, but rather hexagonal structures with short-range ordering and with an
average distance between the adatoms of 1.85 nm for a coverage of 1 adatom per (6 × 6)
superstructure unit cell (Figure 2.2d). Such distance is equal to the periodicity of the
graphene (6 × 6) superstructure imaged by STM for SiC-supported graphene (Figure
2.2a). The rim region of the graphene layer, indicated in Figure 2.2a, exhibits a large
surface curvature and, thus, is an energetically favoured adsorption site for adatoms [35],
as confirmed by the observation of 95% of the deposited Cs on the rim regions and from the
difference in the binding energy for Cs ∆Eb ∼ 50 meV between the rim and in the valley
region, as calculated by DFT [70]. In the same work, Song et al. [70] analysed the distance
r between nearest-neighbour Cs adatoms, finding an interadatom potential E(r) decaying
as 1/r for small distances. This behaviour differs from the 1/r2 decay observed for Cs
adsorbed on graphite [71], suggesting a weaker electron screening in graphene. From these
results, the authors concluded that the interaction between Cs adatoms is a long-range
electrostatic repulsion originating from a charge of 0.33 e transferred from each Cs adatom
to the graphene. ARPES studies performed by Watcharinyanon et al. [72] have confirmed
the charge transfer from Cs to graphene; the n-doping of graphene is indicated by a shift
of the Dirac point below the Fermi level by about 1.0 eV. The same result has been found
for Rb as well. Moreover, the single pi-cone in the reported ARPES spectra indicates no
intercalation for those two alkali metals. From the linear dispersion near the Dirac point,
an electron doping concentration of n ∼ 1.5 × 1014 cm−2 has been estimated for both Cs
and Rb. In the case of Cs, the pi-cone at the Dirac energy is slightly curved.
A more pronounced distortion of the pi-band has been reported for high K coverage
in Bostwick et al. [73]. In this case, a diamond-like shape has been observed around the
Dirac point, which has been interpreted as a signature of the electron–plasmon bound
states, the so-called plasmarons. In this study, an electron doping concentration of n =
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Figure 2.2: Alkali metals adsorbed on SiC supported graphene. (a) STM image of graphene
on SiC substrate; imaging conditions: V = 30 mV, I = 0.1 nA. The field of view is 5 nm.
The graphene honeycomb lattice is superimposed onto the 6 × 6 corrugation background,
which is indicated by the white hexagon. The region in the middle of the hexagon exhibits
graphene and SiC lattice matching, the so called valley region. On the contrary, the
hexagon line is on the rim region, a region of lattice mismatch. Image adapted from
Ref. [70]. (b) Li islands acquired by LEEM with an electron energy of -0.5 eV. The field
of view is 50µm. Image adapted from Ref. [68]. (c) STM image of Na chains observed at
low coverage; imaging conditions: V = −2.18 V, I = 62 pA. Image adapted from Ref. [69].
(d) STM images of 1 ML Cs adsorbed on graphene. The field of view is 30 nm and the
imaging conditions are V = 1.5 V and I = 0.1 nA. Image adapted from Ref. [70].
0.5 × 1013− 5.2 × 1013 cm−2, one order of magnitude smaller than the value reported for
Cs and Rb in Watcharinyanon et al. [72], was found.
2.1.3 Adsorption on metal-supported graphene
Transition metals have been widely used as substrates for graphene. According to Wint-
terlin and Bocquet [49], they can be classified into two categories: substrates on which
graphene is chemisorbed, such as Co, Ru, Ni and Pd, and substrates on which graphene
is physisorbed, such as Ir, Cu, Au and Pt. The first case is characterised by a substantial
overlap between the pi-band of graphene and the d-band of the metal substrate, distort-
ing the Dirac cone, and causing a gap to open at the K point. In the second case, the
interaction between the substrate and the graphene layer is weaker, and the Dirac cone is
preserved; nevertheless, a gap opening is still present, due to charge-transfer effects at the
interface. Alkali metal adsorbates can be used to reduce this band gap providing a route
to decouple graphene from the metal substrate [74].
The lattice mismatch between graphene and the transition metal substrate gives rise
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to the graphene ondulation and to the so-called Moire´ pattern, i.e., a hexagonal graphene
superstructure with periodicity of 20–35 A˚ resulting from overlaying the graphene hexago-
nal lattice with the metal substrate lattice. The graphene corrugation is more pronounced
on substrates strongly interacting with graphene, while it is flatter on substrates weakly
interacting with graphene [88]. Moreover, inequivalent regions can be identified within
one Moire´ supercell, due to the variation of the chemical bond strength across the super-
cell [88, 89].
Among the transition metals, Ni with the crystallographic orientation (111) has been
reported to be the substrate with the lowest lattice mismatch with graphene (only ∼1.2%),
allowing for epitaxial growth of graphene without Moire´ patterns [90]. It has been re-
ported, moreover, that in Ni-supported graphene (graphene/Ni) the coupling between the
graphene layer and the substrate is strong, and the band structure exhibits an intact Dirac
cone with the Dirac point placed 2.8 eV below the Fermi level [74,91].
Matyba et al. [74] demonstrated the possibility of reducing the graphene/Ni band
gap by mean of Na adsorption onto the graphene layer [74]. ARPES spectra show an
energy gap reduced to 1.3 eV after Na adsorption on the graphene surface. This moderate
decoupling is attributed to the n-doping of graphene from Na, which reduces the overlap of
the atomic orbitals of graphene with those of the substrate. An almost complete decoupling
is achieved upon Na intercalation.
Ir(111) is a substrate exhibiting a weak interaction between the substrate and the
graphene layer and by a large interlayer distance, ranging from a minimum of 3.77 A˚ to
a maximum of 4.04 A˚, between the Ir(111) substrate and the corrugated graphene [92].
In addition, the theoretical work of Feibelman on this system has suggested that the
graphene carbon atoms in the valley regions are characterised by an enhanced reactivity
to adatoms binding on top of the graphene surface [93]. Epitaxial graphene grown on Ir is
characterised by a sharp Dirac cone and a small gap at the K point, with the Dirac point
located at 0.10 eV above the Fermi level [94]; thus, graphene is slightly p-doped.
Petrovic´ et al. [75] reported ARPES data acquired around the graphene K point for Cs
coverage from 0 to 0.1 ML3; these spectra show the Dirac cone shifting to higher binding
energies with Cs coverage. The shift of the Dirac point to 0.2 eV below the Fermi level
indicates slightly n-doped graphene with a maximum electron doping of n ≈ 4×1012 cm−2.
This value corresponds to 0.11 e transferred from each Cs adatom to graphene. Low-
3Here, 1 ML is defined as the coverage of the (
√
3 × √3)R30° structure relative to Ir(111).
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temperature STM data show a hexagonal ordering, which is originated by the Coulomb
repulsion between the Cs adatoms.
K deposited on graphene/Ir has been investigated at a coverage for which a (2 × 2)
superstructure can be identified by LEED, corresponding to the KC8 phase in alkali metal
GICs [76] (see section 2.2.1). The Dirac point was found to shift to 1.29 eV and the
electron doping was n ≈ 1 × 1014 cm−2, and thus each graphene unit cell has a doping
level of 0.054 extra electrons. The authors reported, moreover, the formation of K islands
with a (2 × 2) periodicity.
2.1.4 Adsorption on graphite
Experimental studies on alkali metals adsorbates on graphite surface are challenging since
all alkali metals, except for Na, readily intercalate into graphite [64]. A successful deposi-
tion of an alkali metal overlay requires the graphite substrate to be cooled to a temperature
of about 100 K; this condition ensures an intercalation process slow enough to consider
the system under stable conditions, allowing diffraction and spectroscopic studies of alkali
metal adsorbates on graphite to be performed [71]. A detailed description of alkali metal
adsorption on graphite can be found in Caragiu and Finberg’s review paper [71]; the main
findings of their review are reported below.
The alkali metals with a larger atomic radius, namely K, Rb and Cs, show very similar
phase diagrams [71, 95–97]. A dispersed phase is observed below a critical value for the
coverage. Adatoms do not show long-range order but assume a definite nearest-neighbour
distance. The reason for a dispersed phase at low coverage has been found in the Coulomb
repulsion between the alkali metal atoms ionised upon adsorption and the polarisation of
the graphite substrate [71]. At coverages between this critical value and almost 1 ML,
these three metals show the coexistence of two phases: one phase is characterised by atoms
dispersed on the graphite surface, while the second one is a condensed phase exhibiting
close-packed islands4. An increase in coverage implies a decrease in the distance between
adsorbates. The close-packed configuration is, in this case, energetically more favourable
than the dispersed one, and the adatoms tend to form islands with a (2 × 2) structure.
In the case of Cs, an additional phase has been reported between the critical coverage
and an intermediate phase exhibiting a (
√
7 × √7)R19° superstructure. With a further
4A closed-packed configuration at submonolayer coverage for K, Rb and Cs adsorbates on graphite and
graphene corresponds to a (2 × 2) overlay structure.
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increase in coverage, the dispersed phase reduces, and islands grow to form a (2 × 2)
monolayer [71, 97]. It has been observed that such a condensed phase is more stable
than the dispersed phase against alkali metal intercalation, being the energy necessary to
detach an atom from a (2×2) island (0.86 eV for K) above the diffusion energy barrier for
a single adsorbate (0.22 eV for K) [71]. In the phase diagram of Na, the existence of a
critical coverage(ρC ' 1.5 × 1014 Na atoms cm−2) below which the Na adatoms are in
a dispersed phase, has again been observed. Unlike K, Rb and Cs, the dispersed phase
coexists with bcc(110) microcrystals between the critical coverage and almost 1 ML. At
1 ML, the graphite surface is covered by bcc(110) close-packed Na atoms. Concerning Li,
no ordered phases have been observed down to 80 K [98], suggesting the need to keep the
substrate at even lower temperatures in order to reduce the intercalation rate [71,95].
As mentioned previously, alkali metals easily transfer their outermost electron to
graphite. Most of the results cited by Caragiu and Finberg suggest an ionic bond be-
tween K and graphite, with a charge transfer in the range of 0.15–0.7 e per K atom in the
dispersed phase [71]. With increased coverage, and so with an increase in (2 × 2) islands
size, the charge transferred to graphite is reduced. Concerning Cs and Rb, there is a lack
of studies on the charge transfer from these alkali metal overlays to graphite. In the case
of Cs, a few disagreeing values have been reported; for example, Johnson et al. reported
an almost complete charge transfer of 0.9 ± 0.1 e/Cs atom at high coverage [95], while
Gleeson et al. reported a complete charge transfer with low coverage that evolved into an
incomplete alkali ionisation of 0.6–0.8 e/Cs atom at high coverage [99]. To the best of my
knowledge, the charge transfer of Rb adatoms on graphite has not been investigated at all.
The charge transferred from Na to graphene has been found to be very small (below 0.2
e per Na adatom) independently of the coverage [95,99]. This extremely weak interaction
with the graphite surface has been considered to be the reason for which Na is unlikely
to intercalate into graphite [95]. The charge transferred from Li to graphene amounts to
0.9-1 e/Li atom for 1 Li adatom on a (4 ×4 ) graphene supercell, as calculated by Valencia
et al. [100]. Li exhibits the highest charge transfer compared to those reported for K (0.84
- 0.81 e/K atom) and Na (0.79 - 0.73 e/Na atom). The amount of charge transferred by
K, Na and Li follows the same order as their ionization potentials (K > Na > Li).
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2.2 Alkali Metal intercalation
This section reports the literature findings on alkali metals intercalated in graphite and
supported graphene.
The insertion of alkali metal atoms in between the carbon layers of graphite give rise
to the so called GICs; their highly ordered structure, depicted in Figure 2.3, allows for a
controlled tuning of the graphite free carrier concentration. The charge transfer from the
intercalated alkali metal layer to the graphite layers, where carriers have higher mobility,
results in an increase of the GIC conductivity. This leads to in-plane superconductivity,
as reported for Cs, Rb and K stage 1 GICs [64].
Although it is well known that a perfect layer of graphene is impermeable to gases
(even for hydrogen atoms) [101–103], alkali metals have been observed to intercalate in
supported graphene at room temperature [68, 75, 76, 104–109]. The potentialities of the
intercalation, as a route to decouple the graphene layer in order to obtain a quasi-free-
standing graphene, have been widely explored [66,67]. However, a few experimental works
have been dedicated to understanding the intercalation mechanism of alkali metals between
the graphene layer and its substrate.
2.2.1 Intercalation in graphite
Alkali metal-intercalated graphite has widely been studied for the property of alkali metal
atoms to act as electron donors. The charge is transferred from the intercalated layer,
having a low carrier mobility, to the graphite layers, where the carrier mobility is high,
resulting in an increased conductivity of the GIC [64].
GICs are characterised by the so-called staging phenomenon, i.e., the regular succes-
sion of a completely or partially filled interlayer and a number, n – called the staging index
– of graphite layers5, as illustrated in Figure 2.3. The intercalation of foreign specimens
in between the graphite layers proceeds in a regular way; the regular distribution of in-
tercalants between graphite layers has been shown to be a configuration minimizing the
energy necessary to delaminate the graphene sheets. The properties of GICs are strongly
influenced by the concentration of the intercalants, which can easily be estimated from
the staging index [64].
5As an example, a GIC in which all graphene interlayers are filled by an intercalant gives rise to a stage
1 compound, there being one graphite layer between two subsequent intercalant layers.
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Although GICs are typically prepared through the two-zone vapour transport method6,
it is also possible to obtain them by in situ evaporation on the graphite surface, as first
reported by Lagues et al. [110]. The intercalation phenomenon for alkali metals on graphite
has represented a limiting factor for the study of alkali metal overlays [71]. Experiments
have shown that alkali metals readily intercalate into graphite at temperatures above 190
K for K [95, 111], and above 100 K for Li [95]. It has been found that all alkali metals
form stage 1 intercalation compounds, except Na, which has been observed only as stage
8 compound [64,71].
Despite the intercalation process being different, depending on the guest specimen,
the main pathway is the same: the intercalation is initiated at the edges of the graphite
crystals, and proceeds by an intricate diffusion process along and between the host carbon
sheets [64]. The size and the kind of graphite sample also play a role in the diffusion
process. Intercalation is faster and more uniform in a thin, small sample than in a thick,
large one, and faster in single-crystal graphite than in highly-oriented pyrolytic graphite
(HOPG).
Cs, Rb and K share a common intercalation mechanism. These metals are characterised
by a first ionisation potential (4.34 eV for K, 4.18 eV for Rb and 3.89 eV for Cs [112])
lower than the graphite electron affinity, which has been reported to be 4.6 eV [112,113].
Cs, Rb and K interact with graphite through a complete charge transfer7 (for a staging
index n ≥ 2) [114, 115], that provides the host enough energy to overcome the van der
Waals interaction between the graphite layers, and the carbon sheet’s strain energy, thus
allowing the alkali metal to readily intercalate.
The first ionisation potential of Li (5.39 eV) is higher than the graphite electron affinity,
making intercalation a less favourable process. Nevertheless, the small size of the Li atom
(1.52 A˚ of atomic radius) with respect to the graphite interlayer distance (3.35 A˚), together
with its high mobility (characterised by an activation energy for diffusion of 0.2 to 0.4 eV
for low coverage), favours Li intercalation into graphite [116]. Similar to Li, the first
ionisation potential of Na (5.14 eV) is above the graphite electron affinity. In contrast
6The intercalant is heated at a temperature TI high enough to produce the vapour phase; the graphite
is placed at some distance from the intercalant and is heated to a temperature TGr > TI. The graphite
sample is surrounded by the intercalant vapour; and the intercalation process starts when the vapour
pressure is above a critical value [64].
7For Cs GIC prepared by Cs evaporation onto single-crystal graphite and HOPG under UHV conditions,
a slightly lower charge transfer has been reported by Lagues et al.: 0.95 e/Cs atom for the stage 2 (CsC24)
and 0.7 e/Cs atom for the stage 1 (CsC8) GIC [110].
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Figure 2.3: Sketch of stage 4, stage 3, stage 2, and stage 1 graphite intercalation compound.
The staging index n is the number of graphite layers between two consecutive intercalant
layers.
to Li, Na intercalation requires a higher strain energy to expand the graphite interlayer
distance. This high energy required to intercalate could contribute to explain the absence
of a Na stage 1 graphite compound, but it does not describe the intercalation observed
with the larger alkali metals, i.e. Cs, Rb and K. A description of the Na intercalation
was completed by the theoretical work of Liu et al., in which it was outlined that the Na
chemical binding to a specific substrate is generally the weakest, compared to all the other
alkali metals. This behaviour originates from competition between the ionisation energy
and the coupling between the ion and the substrate [117]. Nevertheless, the possibility to
enhance Na intercalation, using a graphite with increased interlayer distance by means of
other species intercalation, has been demonstrated [118]; the optimum graphite interlayer
distance for that is 4.3 A˚ [117].
2.2.2 Intercalation in metal-supported graphene
The problem of the Cs intercalation mechanism in Ir(111)-supported epitaxial graphene
has been addressed by Petrovic´ et al. [75]. Their experiment demonstrates that the inter-
calation dynamic is promoted by vacancy defects, present at the intersection of wrinkles,
which act as entrance points. The intercalation has been found to start after a critical
coverage of about 0.06 ML. At lower coverage, Cs adsorbs on graphene with a partial
delocalisation of the s-electron. With increasing coverage, the Coulomb repulsion becomes
significant, causing a decrease in the binding energy, and an adatom–adatom repulsion
that acts as a 2D pressure; the intercalation takes place in order to reduce such pressure.
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At a coverage lower than 0.06 ML, intercalation is prevented by the high energy cost (of
about 50 meV per C atom [119]) to delaminate graphene from the substrate. The pres-
ence of a dense phase of Cs adatoms allows sharing of such an energy cost among more
adatoms, and intercalation can then take place. For higher coverage, the intercalation is
regulated by the interplay between the intercalated phase and the adsorbed phase. LEED
data have not shown any superstructure of the intercalated phase for coverages below 0.9
ML. At 0.92 ML, a (2 × 2) superstructure, relative to graphene, has been observed, which,
for higher coverage, mixes with a (
√
3 × √3)R30° structure relative to Ir. At a coverage
of 1 ML, only this last superstructure with respect to Ir has been observed for the inter-
calated phase. These findings have been confirmed by high-resolution STM data, which
showed, in addition, a height of the intercalated region apparently 0.4 nm higher than
the non-intercalated one. The ARPES spectra for the adsorbed phase, i.e., at coverage
below 0.06 ML, have shown an increase in the binding energy with Cs coverage, and a
shift of the Dirac point below the Fermi level by 0.2 eV. For this phase, the maximum
charge transferred is 0.11e per Cs adatom, which corresponds to an electron concentration
of ∼ 4 × 1012 cm−2. At an intermediate coverage of 0.06–0.9 ML, the coexistence of two
phases––the adsorbed and the intercalated phase––is demonstrated by the presence of a
further Dirac cone at higher binding energies. Further Cs evaporation leads to the cover-
age of 1 ML, characterised by a charge transfer of 0.20 e for each Cs atom corresponding
to an electron concentration of ∼ 1 × 1014 cm−2. Cs intercalation at room temperature
has been reported also for Ni(111) supported graphene. As for Ir supported graphene, a
(2 × 2) superstructure relative to the intercalated phase has been observed [104].
K intercalated in Ir(111)-supported graphene has been investigated by Bianchi et al.
[76] and Struzzi et al. [105] through ARPES and LEED investigations. In the Bianchi
et al. experiment only the KC8 phase, corresponding to a (2 × 2) superstructure in K
GICs, was considered. At this K concentration, the authors observed a shift of the Dirac
point below EF to a binding energy of 1.29 eV, with a doping level of 0.054 e per unit
cell of graphene (equivalent to an electron concentration of ∼ 1 × 1014 cm−2, similar to
what has been reported for Cs at the same coverage [75]). Moreover, they reported that,
in Ir-supported graphene, it is not possible to continuously vary the doping level since K
readily forms islands with a (2 × 2) supercell. At lower K concentrations, the ARPES
spectra show two bands, one corresponding to the clean Ir-supported graphene, the other
to the KC8 phase. This observation has not been reported for SiC-supported graphene,
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which can be doped continuously with K [76]. The experiments performed by Struzzi et
al. [105] are characterised by a stepwise deposition with ARPES and LEED data acquired
between each step. The ARPES data showed a Dirac point downshifted with respect
to EF by 1.30 eV and a charge transfer of 0.041 e per C atom. Similar to what has
been reported for Cs [75], the coexistence of an adsorbed phase and an intercalated phase
with a (
√
3 × √3)R30° periodical structure at low K coverage has been observed [105].
The (
√
3 × √3)R30° superstructure has been reported also by Nagashima et al. for K
intercalated in Ni(111) supported graphene [104].
Although Na is the only alkali metal not intercalating in graphite [64,95], Na interca-
lation in metal supported graphene is still disputed. Na intercalation in Ir(111) supported
graphene has been reported by Pervan et al. [120]. The authors have proposed the same
intercalation mechanism as reported for Cs [75]: namely that Na is preferentially adsorbed
on graphene up to a coverage of 0.4 ML; above this value, the “2D pressure” caused by
the adatom–adatom repulsion favors the Na intercalation, and the coexistence of an ad-
sorbed and an intercalated phase is observed. In the end, only the intercalated phase
has been detected and no extra Na adsorption can be observed. Fully intercalation for
Na deposited at room temperature has been reported also by Gall et al. [121] and by
Langer et al. [122]; on the contrary, no Na intercalation has been reported by Papagno et
al. [123], but rather the formation of single layer islands. Concerning Na intercalation on
Ni supported graphene, Na intercalation reported by Park et al. [124] is contradicted by
Matyba et al. [74], who found intercalation to occur only at high temperatures.
Petrovic´ et al. [75] investigated also Li intercalation in Ir supported graphene. In
contrast to Cs, they found that Li intercalates at any coverage. The presence of just one
Dirac cone in the ARPES spectra at any doping level confirmed that only the intercalated
phase was present. Li can easily intercalate because of its small dimension, needing less
energy to delaminate graphene from Ir(111)8. In general, the better screening of Li ions
close to the Ir substrate makes the intercalated phase a favoured configuration. DFT
calculations for Li on graphene/Ir(111) also support the intercalation being energetically
favoured over the adsorption at all coverages, with a difference the binding energies for
the adsorbed and the intercalated phase varying from 1.55 eV to 0.99 eV per Li unit cell
for a dilute and dense Li structure, respectively. The intercalation dynamics, as in the
8In fact, considering the difference between the graphene-Ir distances in the case of adatoms and of
intercalated phase, such distance vary from 1 A˚ in the diluted (4 × 4) Li superstructure to 1.23 A˚ in the
dense (1 × 1) Li superstructure.
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case of Cs, is promoted by the presence of vacancies.
2.2.3 Intercalation in SiC-supported graphene
As mentioned in section 2.1.2, graphene epitaxially grown onto 6H-SiC(0001) is composed
of a buffer layer and a top graphene layer. The presence of a buffer layer, covalently bonded
to the Si substrate, has been seen as an impediment to the development of electronic
applications, and the need to decouple it from the substrate has motivated studies on
intercalation.
Virojanadara et al. have widely studied Li intercalation in SiC-supported high-quality
graphene [68, 106]. LEEM images have shown that, immediately after Li deposition, the
graphene surface is less smooth, having a granular appearance and showing severe de-
fects, such as wrinkles and cracks. Such defects were not disappearing even upon high-
temperature annealing. Furthermore, small islands were formed on the graphene, coa-
lescing with time [68, 106]. The electron reflectivity curves acquired after Li deposition
showed two minima (at energies of -0.4 eV and 5 eV), indicating the presence of two
graphene sheets. Such spectra suggested that Li was intercalated between the substrate
and the buffer layer, decoupling them and, thus, transforming the buffer layer into a sec-
ond graphene layer. A shift to lower electron energy of the reflectivity threshold has been
reported, indicating a sample work function decrease caused by Li intercalation. The de-
coupling of the buffer layer by Li intercalation has also been confirmed by photoelectron
spectroscopy, in which the patterns exhibited two pi-cones after Li deposition [68]. The
µ-LEED pattern has shown the diffraction pattern of the (
√
3 × √3)R30° structure to-
gether with the diffraction spots of the graphene (1 × 1) lattice, that corresponds to the
pattern of a C6Li compound. These results have also been confirmed by X-ray photo-
electron emission microscopy (XPEEM) data [68, 106]. The presence of three pi-bands at
the K point in the ARPES spectra, representing a mixture of monolayered and bilayered
graphene with different doping, indicates that the distribution of intercalated Li atoms is
irregular. The graphene-doping by Li lowers the Dirac point that has been reported to be
0.25–0.5 eV [68].
An analogous experiment on a sample made only of the Si substrate and the C buffer
layer has been performed by Virojanadara et al. [106]. Also in this case, LEEM images
showed a morphology change of the surface after Li deposition with several dark spots and
a rough surface. Differently from the SiC-supported graphene case, after Li deposition,
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the surface exhibited a smaller amount of wrinkles and cracks and, moreover, the acquired
µ-LEED patterns did not contain indications for the (
√
3 × √3)R30° superstructure ob-
served in the case of Li atoms deposited on the surface of SiC supported graphene. The
appearance of the diffraction pattern relative to the (1 × 1) graphene structure in the
µ-LEED pattern, together with the appearance of a pi-cone at the K-points in the first
Brillouin zone in the photoelectron angular distribution patterns, are an indication that Li
is intercalated between the buffer layer and the substrate. The effect of the intercalation is
the transformation of the buffer layer into a doped graphene layer having the Dirac point
shifted downwards with respect to the Fermi level by 1 eV.
Li intercalation between both the substrate-buffer layer and the buffer layer–top graphene
layer has also been confirmed by other experimental studies [107, 108]. ARPES data re-
ported by Bisti et al. [107] have shown a strongly n-doped graphene. Although the sub-
strate is decoupled by Li intercalation, some substrate influence on the graphene band
structure still remains. From a comparison of ARPES spectra with band structure cal-
culations, Caffrey et al. [108] found that the top graphene layer has been shifted from an
AB to an AA stacking upon Li intercalation.
A further study on Li intercalated between graphene and SiC substrate, and between
the carbon buffer layer and the Si substrate have been reported by Fiori et al. using STM
and LEED [109]. Their observed diffraction patterns are in agreement with those reported
in the above mentioned works [68, 106, 108]. Of interest in the Fiori et al. study is the
analysis of the intercalation evolution for increasing coverage. Li intercalation has been
reported to start at the interface at the SiC step edges, forming homogeneous intercalated
stripes that grow inward with increasing Li deposition, until the whole graphene layer
above the SiC terrace has been populated. After the deposition of 0.28 ML of Li, dark
spots in the STM images were observed. These indicate Si atoms not bound to Li, and
an incomplete Li intercalation between the buffer layer and the Si substrate has been
thus evolved. Once the intercalation has been completed there, Li intercalation continued
between the decoupled buffer layer and the top graphene layer. At a coverage of 0.56 ML,
the (
√
3 × √3)R30° superstructure, which corresponds to the intercalation between two
graphene sheets, has been reported. Moreover, and differently from what was reported
by Virojanadara et al. [68, 106], Li clusters were not observed on the graphene surface.
Li atoms, evaporated onto the buffer layer at room temperature, intercalated between
the carbon layer and the substrate, forming islands that grew in diameter with increased
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coverage. The buffer layer was almost entirely decoupled from the substrate at coverages
above 0.28 ML. The height for all the islands formed was identical and found to amount
to 2.6 A˚. The growth conditions used to prepare these samples9 lead to the formation of
large islands of carbon layers in the middle of the substrate terraces. Thus, the substrate
step edges are covered less by the buffer carbon layer, making an intercalation mechanism
starting from the substrate step edge unlikely. Fiori et al. explained the presence of stripes
and islands in the intercalated phase with the limited diffusivity of Li in the SiC supported
graphene at room temperature [109]. This observation is in contrast with the measured
Li diffusion coefficient in bilayer graphene, up to 7 × 10−5 cm2 s−1 at room temperature,
reported by Ku¨hne et al. [125]. However, it should be pointed out that the Ku¨hne et al.
experiment is based on a completely different setup, i.e. an electrochemical cell made up
by a stripe of bilayer graphene on a SiO2 substrate where Li intercalation is controlled
through a gate voltage, and the Li presence is probed by Hall measurements along the
graphene stripe. The authors found that no intercalated Li is present between the lower
layer and the substrate in this setup, but Li diffuses only in between the bilayer graphene.
In contrast to Li, the deposition of Rb and Cs on SiC supported monolayer graphene
did not result in intercalation [72]. It has been reported that Cs, Rb and K intercalate
only in the case of SiC supported bilayer or few-layer graphene, in which alkali metals
form an intercalated compound similar to the stage 1 GIC, but no intercalation between
the substrate and the buffer layer has been reported [126,127].
2.2.4 Intercalation in bilayer graphene
The interest in bilayer and FLG alkali metal intercalated systems has been driven by the
requirement for stable n-doped graphene for potential electronic applications10. As in
the case of single-layer graphene, there are much more theoretical works than experimen-
tal ones in the literature. All reported experiments have been performed on SiC(0001)-
supported bilayer graphene, in which interaction with the substrate produces a band gap
in the band structure at the K-point of ∼ 0.12 eV [52,130].
The intercalation of Li into SiC(0001)-supported bilayer graphene has experimentally
been investigated by Sugawara et al. [130]. Their reported ARPES data showed a Dirac
9The epitaxial monolayer graphene on SiC was fabricated by high temperature annealing of 6H-
SiC(0001) under Ar at atmospheric pressure.
10In fact, alkali metal adatoms are unstable, since they can migrate and desorb under the application of
an electric field or thermal stress, as observed in alkali metals on SiO2 [128,129], for example.
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point down-shifted by 1.4 eV with respect to pristine bilayer graphene. A charge transfer
of 1.07 ± 0.05 e to the two graphene layers has been measured, indicating fully ionised
intercalated Li atoms. The intensity of the LEED spots, corresponding to the (6
√
3 ×
6
√
3)R30° structure of the pristine sample, were weakened with Li deposition indicating
an expansion between the two graphene layers due to the intercalation, and new spots
relative to the (
√
3 × √3)R30° superlattice were produced. This periodicity is identical
to that observed in stage 1 Li GICs. These results indicate that the deposited Li atoms
was intercalated into the bilayer graphene in the same well-ordered manner as in a bulk
Li GIC. For this system, the reported critical temperature for superconductivity is very
low (0.17 K); however, theoretical calculations have predicted a much higher TC (∼ 14 K)
for Li intercalated bilayer graphene with a Li overlayer because of the enhanced electron-
phonon coupling due to the equal number of graphene and Li layers [131]. A comparison
of the DFT calculated electronic structures of the stage-1 Li GIC, Li intercalated bilayer
graphene and SiC-supported Li intercalated bilayer and trilayer graphene has outlined
that all these systems are n-doped, and their charge carrier density is increased by a
factor of ∼ 100 by Li-intercalation with respect to pristine bilayer graphene. Moreover,
among these systems, free-standing Li-intercalated bilayer graphene exhibits the largest
charge carrier densities [132]. For free-standing FLG, the simulations show a stronger
tendency to intercalation for Li into the bilayer graphene [133]. The role of point defects11
in Li intercalation in between bilayer graphene has been investigated in the theoretical
work of O’Hara et al. [134]. They reported that the intercalation is energetically favoured
with respect to the adsorption on both perfect and defective bilayer graphene, where point
defects are present in only one of the two layers. Moreover, they found that the presence of
the second graphene layer has an influence on the intercalation and deintercalation energy:
the energy barrier for an intercalated Li atom to be overcome in order to exit through a
point defect is higher than the energy barrier to intercalate through the same point defect.
The behaviour of Na on bilayer graphene has been analysed by Xia et al. [135] using
LEEM, µ-LEED, µ-PES and XPEEM. The sample used was a furnace grown graphene
on a SiC(0001) substrate, exhibiting areas of single-layer and bilayer graphene. After
deposition, most of the Na remained on the surface, forming droplet-shaped clusters on
the bilayer graphene areas, while a small amount of Na intercalated in the bilayer graphene
11Stone-Wales, monovacancy, divacancy, and trivacancy defects have been considered in the O’Hara et
al. work [134].
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and at the interface between graphene and the substrate. The intercalation increased
with time and exposure to the electron and photon beams, and could be promoted by
thermal annealing at 400 K. The intercalants were distributed homogeneously in both the
single layer and bilayer areas, with the intercalation beginning at the domain boundaries
between these areas. As in the case of Li, theoretical studies on Na intercalation in
bilayer graphene, performed by Yang et al. [136,137], showed that intercalation of Na into
bilayer graphene is energetically favoured with respect to the adsorption on the bilayer
graphene surface and, moreover, that the intercalation in the AA-stacking is favoured over
the intercalation in the AB-stacking, with the AB-stacking being the more stable lattice
configuration. The interlayer distance increases with the number of Na atoms intercalated.
The electron density calculations predicted a charge transfer from the intercalated Na
in bilayer graphene to the 10 (A/Na/B) and 12 (A/Na/A) nearest carbon atoms. The
charge distribution for Na adsorbed on bilayer graphene is delocalised similarly to what
has been predicted for adsorption on single-layer graphene. The effect of defects was also
investigated by Yang et al. [136, 137] who found a fast migration from pristine regions,
characterised by a low migration energy barrier (0.15 eV on the surface and 0.32 eV
between the bilayer graphene), to defective regions where the migration energy barrier is
larger (0.59 eV on the surface and 0.56 eV between the bilayer graphene).
As reported in the ARPES studies performed by Ohta et al. on SiC(0001)-supported
bilayer graphene [52], the presence of the substrate causes a slight n-doping of the bilayer
graphene due to carrier depletion from the substrate. The authors showed that the n-
doping can be enhanced by K deposition on the side facing the vacuum, which leads to a
closing and reopening of the band gap with increasing coverage. It should be noted that
the Ohta et al. experiments have been performed at low temperatures, and no evidence
of K intercalation has been found. On the contrary, K deposited on SiC supported thin
graphite overlays12 at room temperature led to the formation of a stage-1 GIC [126]. The
influence of the SiC(0001) substrate on the intercalation properties of bilayer graphene
has theoretically been investigated by Kaloni et al. [138], who compared the first-principle
calculations for K intercalated into free-standing bilayer graphene with those for supported
graphene. For K intercalated bilayer graphene, Kaloni et al. found an interlayer distance
of 5.60 A˚. The observed Dirac cone was made up of twofold degenerate pi and pi∗ bands
12The work of Algadal et al. [126] did not report the number of graphene layers. Nevertheless, the
overlayer was thin enough to observe the substrate contribution in photoemission spectra.
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shifted 1.0 eV below EF and, differently from what was found for Li [132], did not exhibit
distortions. The calculated charge transferred from K to the graphene layers amounted
to 0.57 e, giving rise to a prominent n-doping and a carrier density 100 times larger than
in pristine graphene on SiO2. In the case of K intercalated SiC(0001)-supported bilayer
graphene, the simulations have shown a buckling of the lower layer due to the bond to the
Si and an interlayer distance of 5.99 A˚. A perfect Dirac cone exhibits the pi and the pi∗
bands crossing at 0.92 eV below EF and a charge transfer from K to the graphene layers
of 0.40 e was obtained. In this case the carrier density was larger than in the case of
K intercalated in free-standing bilayer graphene. According to the authors, this was due
to the charge transfer induced by bonding between the substrate and the lower graphene
layer. Between the two systems, the free-standing one exhibits an electron-phonon coupling
and a DOS(EF) that resembles those of K-intercalated AA-stacked graphite and, thus, it
could exhibit superconductivity under the same conditions [138].
The addition of a Cs overlayer on Cs intercalated bilayer graphene results in an en-
hanced electron–phonon coupling, as reported by Kleeman et al. [127]. LEED diffraction
pattern showed the presence of a (2 × 2) structure similar to that of stage-1 GICs. The
reported ARPES measurements exhibited a Dirac point at 1.38 eV, from which a total
amount of charge transferred by the Cs to the graphene of 1.52 e per unit cell was cal-
culated. This large coupling is caused by the Cs overlayer, which transfers additional
electrons to the graphene and makes the bilayer structure more similar to the stage-1
GICs [127].
Kaneko and Saito performed systematic DFT calculations for alkali metal intercalated
bilayer graphene for different amounts of intercalated atoms [139]. Their model revealed an
interlayer distance proportional to the distance between the alkali ion and the free-standing
graphene, that in turn grows with the ion size. The interlayer distance was growing
slightly with the number of intercalated atoms. Formation energy calculations showed
that systems with intercalated alkali metal atoms are more stable than those with alkali
metals adsorbed onto the surface of the bilayer graphene. The formation of intercalated
compounds has been found to be exothermic (negative formation energy), decreasing with
coverage because of the strong lateral interactions. Na represents an exception among
the alkali metals, with the formation of C8NaC8 being slightly exothermic and of C6NaC6
being slightly endothermic. The charge transferred from the alkali metal intercalated atom
to the graphene layer also reduces with coverage but, even for a (
√
3 × √3) supercell, its
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Figure 2.4: (a) Sketch of the AA-stacked and the AB-stacked bilayer graphene. (b) Scheme
of the C8MC8 and of the C6MC6 intercalated AA-stacked bilayer graphene, where M is
the intercalated metal. Adapted from [139].
value is quite large (e.g., the minimum value among alkali metals is 0.63 e for Cs).
2.3 Transition Metal adsorption
The interest in investigating transition metal adsorption on graphene is motivated by novel
properties that can be used for a wide range of applications. As an example, nanoparticles
of transition metals, especially palladium (Pd) and platinum (Pt), on carbon materials
have been shown to be efficient composite systems for hydrogen storage [140, 141]. In
fact, transition metal nanoclusters promote the H2 dissociation into atomic H, which can
be incorporated into the nanocluster lattice13 [142]. This property, together with the
localization of the nanoclusters, makes carbon supported transition metal nanoparticles
an efficient system for catalysis applications [140,141,143–146]. Moreover, transition metal
functionalised graphene is widely applied as a sensitive gas sensor with a very low detection
limit [147–150].
In the following section, I will provide an overview of the nucleation properties of
transition metals on graphene and graphite, focusing on experimental results involving Pd
deposition.
13An example is the incorporation of H into Pd lattice through the following reversible reaction: 2 Pd +
xH2 2 PdHx, where x ≤ 1 [142].
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2.3.1 Transition metals on graphene
In this section, theoretical calculations on transition metals on free-standing graphene
as well as experimental findings on transition metals evaporated on supported graphene
will be reviewed. Metal nucleation on supported graphene is often studied using STM,
allowing for the measurement of cluster size and density. Since theoretical prediction
values depend strongly on the employed functional, they will be reported only for general
trends predicted by simulations.
Adsorption on graphene: theoretical simulations
Theoretical studies report that metals with half-filled or filled d-shells interact weakly
with graphene and are characterised by adsorption energies below 0.25 eV [151]; in this
scenario, Pd is an exception as it is a filled d-shell metal but its adsorption energy on
graphene amounts to 1.076 eV [86]. Pd adsorbs on graphite forming a covalent bond,
transferring a charge of q = 0.64 e to the graphene; in contrast to the case of alkali metals,
the charge is localized on the closest carbon atoms [34,65,151].
Liu et al. [34, 65, 86] performed systematic ab initio DFT studies on metal adsorption
on free-standing graphene to find a correlation between the adsorption properties and the
growth morphology. They reported that the growth morphology depends on two principal
factors: the ratio between the metal adsorption energy Eads and its bulk cohesive energy
Ec, and the activation energy for adatom diffusion on graphene Ediff . The authors report
that a small Eads/Ec ratio favours a 3D growth mode. From the classical nucleation theory,
the condition for 3D growth is that Ec > Eads, and in Liu’s work it has been reported
that Eads/Ec < 1 for all transition metals considered. A high Ediff , since it determines the
hopping probability, indicates an elevated rate of adsorbates joining each other to form new
clusters, and therefore, a higher cluster density per unit area. Although these statements
hold in general, they were not fully supported by experimental findings, which showed
different growth morphologies depending on the metal deposited. It is necessary to point
out that the experiments mentioned in the work of Liu et al. were performed on supported
graphene, while their simulations were performed for free-standing graphene. As will be
described in section 2.3.2, the presence of just one additional graphene layer is enough to
substantially change the energetics of adsorbed metals. Examples of metals contradicting
the previous hypothesis were provided by Pt and Co. At the same coverage, Pt exhibits a
much higher cluster density than Co, in spite of the fact that the diffusion barrier for Co
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is higher than that for Pt (see Table 2.1). These findings led the authors to include the
interaction between adatoms as a further factor in the description of growth morphology.
This assumption was justified by comparing the growth of Eu and of Dy, two metals
characterised by similar Eads/Ec ratio and Ediff (Table 2.1). Dy adsorption on graphene
induces a larger electric dipole moment and lattice distortion than Eu. The stronger
repulsive interaction and the higher diffusion barrier for Dy promote the formation of small
islands with a high island density. In contrast, Eu nucleates as big islands with a flat top.
The authors’ calculations also predicted thermal stability for transition metal nanoclusters
on graphene. This finding was in agreement with experimental results showing cluster
coarsening only upon thermal annealing.
The growth of Pd nanoclusters on graphene was also the topic of molecular dynamics
simulations performed by Brault et al. [152]. Although this work was intended for Pd
on graphite, it considered only interactions between the metal adatom and the graphite
surface, neglecting the influence of the underlying layers. Therefore, this study can be
considered as representative for the graphene case. The study was performed on three
kinds of graphene surfaces: a perfect flat surface, a disordered rough surface, and a surface
with an ordered localized defect14. For all these surfaces, the formation of 3d clusters was
found whose evolution in mean size d can be described by the power law: d ∝ N z for
isolated clusters formation and d ∝ Nαz after clusters coalesce, whereby N is the incoming
atom number, and z and αz are the growth exponent. A value in the range 0.75-0.87 has
been reported for αz [152]. The perfect flat surface exhibited clusters with a rough surface,
while the rough surface showed clusters with a flat surface. Moreover, the cluster density
was increased, and the clusters size was reduced on the rough surface. The effects induced
by the roughness has been found to be minimised by increasing the kinetic energies of the
impinging Pd atoms. Such smoothing was not predicted for the surface with a localised
defect [152].
Theoretical studies concerning transition metal deposition on metal supported graphene,
specifically on Ru(0001), have been reported by Zhang et al. [153]. They found that, in
general, cluster growth on metal supported graphene was regulated by two factors: the
strength of the local sp3 hybridization of graphene and the occupation of the outermost
orbital. This means that on the fcc region of graphene/Ru(0001), characterised by strong
14The localised defect is made by a group of 60 C atoms displaced vertically by 0.2 nm above the flat
graphene surface.
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Table 2.1: DFT calculated values of the adsorption energy (Eads), the ratio between
the metal adsorption energy and its bulk cohesive energy (Eads/Ec), the diffusion barrier
(Ediff), and the charge transfer (q) for some transition metal. Values quoted from Ref. [86].
Adatom Ads. site Eads(eV) Eads/Ec Ediff(eV) q(e)
Mn H 0.1590 0.0545 0.0683 0.57
Fe H 0.8980 0.2098 0.5841 1.49
Co H 1.2257 0.2793 0.4151 0.97
Ni H 1.5346 0.3456 0.2167 1.23
Pd B 1.0756 0.2765 0.0417 0.64
Pt B 1.5516 0.2657 0.1878 0.52
Eu H 0.9975 0.5363 0.1285 0.81
Dy H 1.5259 0.5019 0.1773 0.73
sp3 hybridization, dispersed clusters of transition metals will grow if the adatoms have
a partially filled d band, otherwise, large islands will be formed. Pd has been reported
to have a binding energy to the fcc region of graphene/Ru(0001) of about 2 eV, and this
value could be the limit between the growth of dispersed nanoclusters and islands.
Adsorption on free-standing graphene: experimental studies
Transition metal clusters (Ti, Cr, Pd, Ni, and Au) on free-standing graphene were studied
by Zan et al. by means of atomic resolution high angle dark field imaging (HAADF) and
a scanning mode TEM (STEM) operating at 60 kV acceleration voltage in UHV [30,154].
For all deposited metals, the authors reported that the preferred nucleation sites are on
hydrocarbon contaminations and that metals form clusters or nanocrystals. Although
the acceleration voltage used for the STEM was 60 kV, which is well below 80 kV where
knock-on damages on graphene are expected, damage was observed in the presence of some
metals. In particular, Cr and Ti were found to etch graphene much more than Pd and Ni,
while no damage was observed in the case of Au [30]. These experimental observations were
supported by DFT calculations performed by Boukhvalov and Katsnelson [155] predicting
that among Ni, Co, Fe and Au, only the first three metals reduce the energy necessary
for vacancy defect formation on graphene. Thus, an electron beam energy below 80 keV
would be sufficient to create vacancy defects in proximity to the transition metal clusters
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mentioned above. Images of Au deposited on free-standing graphene showed clusters of
2-3 nm in diameter and their number increased with the coverage. At a nominal thickness
greater than 1 nm the clusters began to coalesce keeping the density of clusters rather
constant [154]. Au clusters coalescence was also observed after 50 s of exposure to a 60
keV electron beam [30]. The growth of Pd clusters was more similar to Au clusters than to
Ti and Cr clusters, but unlike Au, it damaged the graphene. The beam-induced graphene
etching due to transition metal clusters, along with the sample contamination, made it
difficult to compare these TEM experiments with analogous STM and AFM studies on
supported graphene.
Adsorption on SiC supported graphene
It is assumed that the interaction between graphene and the SiC substrate is weak,
and therefore the substrate does not significantly influence the metal growth morphol-
ogy [34]. Liu et al. [34, 65, 86] reported findings on several metals deposited on SiC
supported graphene, highlighting different growth morphologies depending on the metal
adatom–graphene and adatom–adatom interaction strengths. It was found that the clus-
ter density dependence on the coverage followed classical nucleation theory for almost all
metals evaporated on graphene/SiC [86,156] and that the island density attained a steady
state at a coverage of about 5% [156]. The growth of Fe [156] and Co [157] clusters was an
exception to this rule, showing an island density weakly dependent on the temperature and
increasing continuously with the coverage. The explanation for this different behaviour
lies in the lateral long-range repulsive interaction between Fe adsorbates, making the Fe
adatom aggregation to a pre-existing cluster energetically less favourable as the coverage
increases. At the same coverage, a similar cluster size was reported for Fe and Co, while
sizes were smaller for Ni and larger for Mn. Mn was also the only metal not exhibiting a
narrow distribution of island sizes. These different cluster features for different transition
metals can be related to the values of the adsorption energies Eads and the activation
energy for diffusion Ediff . DFT calculations reported in Table 2.1 show that Mn has the
lower Eads among the above-mentioned metals and an extremely low Ediff . In contrast,
Ni has a higher Eads and a much higher Ediff than Mn (although Ediff is lower than for
Fe and Co). Thus, compared to Ni, impinging Mn atoms are more likely to adsorb and to
diffuse on graphene joining existing clusters.
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Adsorption on metal-supported graphene
As previously mentioned in section 2.1.3, the lattice mismatch between graphene and a
close-packed metal substrate can lead to the formation of a template (Moire´ pattern)
of energetically favoured adsorption sites. This property of metal supported graphene
has been used to grow a regular array of well-defined size transition metal-nanoparticles
on graphene/Ir(111) [92, 158, 159], graphene/Rh(111) [160, 161] and graphene/Ru(0001)
[153,162].
Graphene/Ir(111) It has been found that the Moire´ pattern formed by graphene on
Ir(111) allows for long-range ordered arrays of Pt, W, Re and Ir nanoclusters, with pre-
ferred nucleation sites at the Moire´-hcp areas15 [92, 158, 159]. Ir clusters exhibited 2D
growth at low coverages and transformed to 3D structures at high coverages [92,159]. The
deposition of Pt, W, and Re gave rise to a superlattice of epitaxial clusters [158]. Fe and
Au, because of their weak binding energy to the graphene across the Moire´ cell, nucleated
in unstructured large islands [158].
Graphene/Ru(0001) In contrast to transition metals deposited on graphene/Ir(111),
most transition metals evaporated onto Ru(0001) supported graphene (Ru, Pt, Rh, and
Pd) nucleate in the fcc regions [153, 162, 163], with the exception of Co which nucleates
in both fcc and hcp regions [164]. For both graphene/Ru(0001) and graphene/Ir(111),
the formation of highly dispersed transition metal clusters without preferential step edge
decoration has been reported, although such clusters exhibited a different nucleation mor-
phology, due to the different strength of the chemical bond between graphene and Ru
and Ir metal substrates. The weak interaction between graphene and the Ir(111) system
produces a strong interaction between the metal adatom and the graphene layer, while
the stronger interaction between graphene and Ru(0001) results in a weaker interaction
between the metal adatom and the graphene and thus, in higher adatom diffusivity [162].
The strong interaction between the Ru(0001) substrate and the graphene layer leads to a
less ordered nanocluster array and to a transition from 2D seeds to 3D clusters growth at
coverages lower than those on Ir supported graphene [162, 163]. The 3D growth at room
temperature has been justified by the huge difference between the surface free energy of
the graphene, equal to 46.7 mJ/m2, with respect to the surface free energy of transition
15The Moire´-hcp region corresponds to a region characterised by carbon hexagons located on the hcp
sites of the Ir(111) substrate.
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metals like Pt, Rh, Pd and Co, that is in the range of a few J/m2 [162]. The low inter-
action energy between adatom metals and graphene with respect to the adatom-adatom
interaction energy promotes the 3D growth. The growth morphology at the initial stage
is strongly influenced by the competition between the strength of the carbon-metal bond
and the metal cohesive energy. At a similar amount of deposited metal, Zhou et al. [162]
found that Pt and Rh, which are characterised by a large metal-carbon dissociation energy,
nucleate in small dispersed clusters; Pd and Co are characterised by small metal-carbon
dissociation energies and the metal cohesive energy promotes nucleation in large 3D islands
at an early growth stage16. In particular, Pd has exhibited clusters having an average di-
ameter of ∼ 8 nm respectively ∼ 14 nm at coverages of 0.1 and 0.4 ML (in Figure 2.5a,
the STM image acquired at 0.1 ML coverage has been reported) [162]. An exception is
Au, which forms a film. Zhou et al. found an explanation to this observation in the weak
interaction between Au and carbon atoms, and so the tendency to form 3D clusters, that
is overcome by the tendency of Au to grow epitaxially on surfaces having a higher cohesive
energy. Additional factors were identified in the strong interaction between Ru(0001) and
graphene and in the nearest-neighbour Au distance amounting to 0.288 nm. This value
is too large for Au to fit the graphene lattice (0.245 nm) but is small enough to fit the
lattice of the Ru substrate (0.265 nm) [162]. The previous justifications for the observed
cluster morphologies have been confirmed by ab-initio DFT studies reported by Zhang et
al. [153] described in section 2.3.1.
Graphene/Rh(111) In the literature, only a few studies are dedicated to transition
metal deposition on graphene/Rh(111). The interaction strength between the carbon layer
and Rh(111) is between the weak graphene/Ir(111) and the strong graphene/Ru(0001) in-
teraction. Sicot et al. studied Ni and Fe deposited on Rh(111) supported graphene. They
found that Ni deposited on graphene/Rh(111) at room temperature forms flat triangular-
shaped islands, whose edges align almost along the 〈110〉 directions of the Rh(111) sub-
strate. Such islands have been found to be oriented in two different possible directions
depending on the site (fcc or hcp) of the initial nucleation [160]. Fe nanoclusters, in
contrast, have been found to be three-dimensional hemispherical-shaped and to nucleate
preferentially at step edges [166]. The experimental work of Gotterbarm et al. [161] was
devoted to the growth of Pd nanoclusters; unlike most of the previously mentioned exper-
16The metal-carbon dissociation energy for the mentioned metals are: 6.32 eV for Pt-C, 6.01 eV for
Rh-C, 4.52 eV for Pd-C, and 3.60 eV for Co-C [165].
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iments, the deposition occurred at 150 K. A regular array of flat islands was formed, with
a cluster diameter similar to the dimensions of the Moire´ unit cell (Figure 2.5b). In such
islands, the morphology was modified to a more three-dimensional shape upon thermal
annealing to 550 K.
Graphene/Cu(111) Pd cluster growth on Cu(111) supported graphene has been in-
vestigated by Soy et al. [167], depositing Pd in a continuous and stepwise mode. These
authors found that the continuous mode gave rise to smaller three-dimensional clusters
with respect to the stepwise mode. Moreover, the clusters grown in continuous mode were
located on graphene terraces, and about the 80% of these clusters were characterised by
a well-defined triangular shape with two main orientations (Figure 2.5c), similar to Sicot
et al. findings about Ni deposited on graphene/Rh(111) [160]. The size of Pd clusters
(7.8 nm at a coverage of 0.9 ML) was found to be larger than that of the Moire´ unit
cell, 2.0 nm in this work. These results have been explained in terms of a weak Pd–C
interaction, which implies a high mobility of Pd atoms on the graphene surface at room
temperature. Similar to the reports of Zhou et al. [162] for Pd on graphene/Ru(0001), no
long-range order has been observed for Pd clusters on graphene/Cu(111). The authors
also explained the absence of Pd in many of the Moire´ unit cells with the high mobility of
these adsorbates on graphene/Cu(111). The characteristic triangular shape of most of the
clusters has been attributed to the anisotropy in diffusion around their corners and along
their edges. The stepwise deposition showed round-shaped islands whose shapes began to
transform into triangular-like shapes only at high coverages [167].
2.3.2 Transition metals on few-layer graphene
In this section, transition metals evaporated on few-layer graphene will be considered.
Few-layer graphene is composed of n layers of graphene and is typically supported by an
SiO2/Si substrate. Both experimental and theoretical studies report a strong dependence
of the formed cluster properties on the number of layers n [86, 168–172,172,173].
Zhou et al. [168] investigated the dependence of the Pd cluster morphology and charge
transfer on the number of graphene layers. AFM measures performed at fixed Pd coverage
showed that clusters became larger and the coarsening more pronounced for an increasing
numbers of graphene layers (Figure 2.5d), up to 4 layers. The same trend was observed
at different coverages, ranging from an equivalent thickness of 0.5 nm to 1.6 nm of Pd
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deposited film. Further differences were not observed in Pd cluster morphology for few-
layer graphene once thicker than 4 layers. The formation of Pd nanowires on the graphene
layer edges was also reported. In this same work [168], the surface diffusion barrier En
depending on the number of layers n was evaluated from the cluster density N applying
the equation: N ∝ exp(En/3kBT ), where kB is the Boltzmann constant and T the ab-
solute temperature. The observed larger density of Pd clusters on single layer graphene
indicates that En is larger on single layer than on n-layer graphene. Raman spectroscopy
studies revealed that Pd dopes graphene, with electrons transferred from Pd to graphene;
moreover, the charge transfer decreases with the number of layers. The dependence of
the cluster morphology and of the charge transfer on n indicates that different numbers
of layers in the few-layer graphene lead to different interactions with Pd atoms.
The dependence of the nanocluster morphology on the number of layers was also
reported for other transition metals [86, 169–172]; Au [169, 170, 172] in particular, has
been widely studied.
For comparing these experimental results with theoretical calculations, simulations
taking into account the interactions between graphene layers should be considered. As an
example, Hardcastle et al. [173] performed DFT simulations including a GGA-type van der
Waals correction17 on multilayer graphene. A noticeable increase of the adsorption energy
of Au, Cr, and Al adatoms with the number of graphene layers has been reported [173].
2.3.3 Transition metals on graphite
Transition metals on graphite typically nucleate and grow as compact 3D clusters [151,
174–176]. The reason for such growth is the low adsorption energy between the metals
and graphite. The size, shape and distribution of the 3D clusters are strongly related
to the deposition conditions. Thermal annealing induces cluster coarsening, which are
characterised by a regular shape and a narrow size distribution of the formed islands.
This section will focus on works reporting deposition performed at room temperature.
Morphology of transition-metal clusters grown on graphite
The features of 3D metal clusters grown on graphite depend strongly on the temperature
of the substrate and on the coverage [174,177]. Typically, at low coverages, small clusters
have been observed to grow preferentially on graphite defects, while high coverages are
17The non-corrected GGA functionals do not correctly simulated interactions between graphene layers.
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Figure 2.5: Transition metals adsorbed on supported graphene and FLG. (a) STM image
(tunneling parameters: V = 1.0 V, I = 0.1 nA) of Pd clusters on graphene/Ru(0001) from
the deposition of 0.1 ML of Pd. The field of view is 50 nm. Image adapted from Ref. [162].
(b) STM measurement (tunneling parameters: V = 5 mV, I = 9 pA) of Pd clusters on
graphene/Rh(111) from the deposition of 0.3 ML of Pd. The white rhombus in the inset
indicates the supercell of the Moire´ pattern. Image adapted from Ref. [161]. (c) STM
image of Pd clusters formed after the deposition of 0.9 ML of Pd on graphene/Cu(111).
The blue dashed line outlines a hexagonal graphene island. The field of view is 355 nm.
Image adapted from Ref. [167]. (d) AFM image of Pd on SiO2 supported single layer and
bilayer graphene. The amount of Pd deposited is equivalent to a 1.6 nm thick film. The
scale bar corresponds to 200 nm. Image adapted from Ref. [168].
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characterised by larger islands formed by aggregated clusters [151, 174–176]. The most
commonly used experimental techniques for investigating cluster morphology are STM
and AFM; the topographic images are often completed with spectroscopic and diffraction
technique measurements. Because of the weak binding of metals on graphite, STM mea-
surements are often influenced by the interaction between the tip and the clusters [151].
At a coverage below 3 ML of Pd evaporated onto graphite, the formation of small
clusters with sizes ranging from 1 nm to 6 nm has been reported [174–176]. These clusters
are located mainly at graphite surface defects, such as atomic steps and cleavages, resulting
in a disordered surface morphology. The role of surface defects in metal nucleation on
graphite will be addressed in the last part of this section. Coverages of 4 − 8 ML exhibit
clusters both at the surface defect sites and on the pristine graphite surface regions.
Whelan et al. [176] reported the formation of islands made up by the aggregation of
a large number of 4.2 nm mean diameter clusters. The authors found that this diame-
ter size is independent on the coverage. Similar islands made up of linked neighbour Pd
clusters were also observed by Murakami et al. [175], but at the lower coverage of 1.7 ML.
Murakami et al. performed AFM experiments in the tapping mode18 and measured an
aggregate diameter of 30 nm and a height of 6.5 nm. In experiments performed by Whelan
et al. [176], high coverages of more than 50 ML appeared as a continuous granular metal
film. The film was made up by randomly packed spherical clusters with a mean diam-
eter of 4.2 nm and a diameter distribution ranging between 3 nm and 6.4 nm. Whelan
et al. [176] observed a rather constant cluster size distribution from low to high cover-
ages, but the degree of aggregation increased with the coverage. In general, the as-grown
clusters were mainly round-shaped with a rather broad size distribution. After thermal
annealing, clusters formed triangular and hexagonal shaped structures exhibiting a narrow
size distribution [174,177].
Adsorption energy and diffusion barrier
The calculated adsorption energies of Cr, Pt, Cu, Ag and Au on graphite are lower than the
cohesive energies of these transition metals and higher than the calculated adsorption ener-
gies on graphene [86]. Following this observation, the adsorption energy of Pd on graphite
corresponds to a value between the Pd adsorption energy on graphene Eads Pd/Gr = 1.06
18The tapping mode helps to prevent surface modifications induced by the interaction of a scanning tip
with clusters.
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eV [34,65,86] and the Pd self-adsorption energy Eads Pd/Pd = 2.87 eV [151]. According to
Hardcastle et al. [173] the van der Waals forces between the carbon layers are the reason
for stronger metal adatom-graphite bond in comparison to the bond of a metal adatom to
graphene. Typically, a metal adsorption energy on graphite smaller than the metal self-
adsorption energy is an indication for 3D cluster growth, although some work reported
dendritic growth of 2D clusters preceding 3D cluster growth [151].
The interaction between adsorbed metal atoms and the graphite surface may not be
strong enough for the system not to get perturbed by a probing STM tip, causing changes
in subsequent STM acquisitions. In fact, the tip may interact with the clusters, causing
a displacement in their position during the scan (see, for example, Ref. [178]). Therefore,
in STM experiments, distinguishing intrinsic dynamics from tip-induced dynamics on a
graphite surface may be difficult.
As introduced above, the mechanism for metal cluster growth is driven by diffusion on
the graphite surface and aggregation to clusters of adsorbed metal atoms. According to
Appy et al. [151], the values of the activation energy for diffusion derived from experiments
are rather different. Nevertheless, a trend can be identified: the activation energy for
diffusion of a transition metal on graphite is typically higher for chemisorbed atoms (e.g.
Pd, Pt, Ni and Fe) and lower for physisorbed metals (e.g. Au, Ag, Cu and Cr). Such
energy is lower than the corresponding metal-on-metal activation energy for diffusion,
but it can be higher or lower than the corresponding activation energy for diffusion on
graphene [151]. The weak bond between metals and graphite also makes it possible to
observe the diffusion of metal clusters on graphite surfaces, as observed experimentally by
Bardotti et al. [179] for Au and Pt clusters.
The sticking coefficient
In some experimental studies on transition metals evaporated on graphite at 300 K, a
sticking coefficient value of S < 1 [178,180–182] has surprisingly been found instead of an
S value close to unity, which is typical for other solid surfaces. As an example, Howells et
al. [182] reported S < 0.1 for Pt on graphite. From a comparison between the reported
results for S and the calculated residence time for Pt on graphite19, Appy et al. [151]
19Appy et al. [151] calculated the Pt residence time on graphite at room temperature (300 K) with
1013 s−1 as the value for the pre-exponential factor for desorption, finding a residence time of 1024 s
(Eads Pt/Gr = 2.16 eV). The experimental work of Howells et al. [182] reported a sticking coefficient
S < 0.1. Adsorbates desorption, therefore, is not the only mechanism for S < 1, and the reflection of
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suggested the reflection of impinging atoms on graphene as a possible mechanism for
explaining the for S < 1 value. Arthur et al. [180] and Anton et al. [181] found instead an
increase of the sticking coefficient for Cu and Au from below 0.05 at the beginning of the
evaporation to about unity after 500 s of deposition at a flux of ' 1012 atoms/cm2 s. The
increase of S with the deposition time has been interpreted as an enhanced probability
for an adatom diffusing on the surface to be captured by the clusters already grown on
graphite. The discrepancies for S among various experimental results were explained
by Appy et al. [151] considering the incident energy of the impinging atoms that might
not be properly dissipated by the graphene surface, with the number of coupled carbon
layers playing a role in energy dissipation. This conclusion was supported by studies on
metal adsorption on graphene, in which S < 1 has never been reported. To the best
of my knowledge, there have been no reported experimental studies on S for Pd atoms
evaporated on graphite; however, molecular dynamics simulations [152] can be found in
the literature. In such a simulation technique, the equation of motion is solved for a set of
atoms impinging on a potential energy surface. A Lennard-Jones potential has been used
to describe the interaction between Pd and C atoms of graphene, while a tight binding
potential has been used for the Pd-Pd interaction [152]. The value of S is given by the
ratio between the number of Pd atoms getting stuck at the impact point and the total
number of simulated atoms. For pristine graphite and graphite with localized defects,
S = 1 has been reported, while S first slightly decreases and then increases to unity for
graphite with atomically sized roughness [152].
Graphite surface defects and metal nucleation
Several groups have investigated the influence of carbon atom vacancies in graphite sur-
faces on transition metal cluster growth [182–184]. Since the density of natural defects
on the HOPG surface is quite low, typically 1 − 5µm−2 [185], in these studies vacancy
defects were created artificially by bombarding the HOPG surface with Ar+ ions. This
causes the number of clusters formed to increase and to be uniformly distributed on the
defective surface with respect to the clusters formed on untreated HOPG. The surface va-
cancy defects act as a preferential nucleation sites, on which clusters are characterised by
a rounder shape, narrow size distribution and higher stability to the STM tip interactions.
At the same amount of evaporated metal, a higher amount of adsorbed metal atoms was
metal atoms should be considered.
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reported for defective graphite than for pristine graphite, indicating a higher sticking co-
efficient. Yuan et al. [185] reported Pd nucleation only at defect sites for coverages below
0.25 ML. Above this value, Pd also nucleated on terraces. The clusters grown at defect
sites increased in size with the coverage, with values ranging from 3.6 nm at 0.15–0.2 ML
to 6.4 nm at 1 ML; simultaneously, the clusters shape changed from spherical to slightly
elliptical or trapezoidal shape. No noticable change in the cluster density was observed.
From the analysis of the photoemission spectra of Pd clusters grown on defects, Egelhoff
et al. [183] found that for low coverages the adatom binding energy was higher than in
the bulk metal, and it approached the value for bulk metal at coverages of several ML.
In contrast, clusters grown on a defect-free graphite surface nucleate to large clusters and
the binding energy among metal atoms in the cluster was comparable to that of the bulk
metals.
In many experimental studies, transition metals have been found to decorate the step
edges of graphite surfaces [176, 178, 185, 186]. In the specific case of Pd evaporated onto
HOPG, Whelan et al. [176] reported the formation of 1 to 5 nm-wide clusters at low
coverages (below 8 ML) at step edges and other defect sites. Similar results were found
by Yuan et al. [185], who observed (for a coverage of 0.5 ML) step edges decorated by
Pd nanoclusters. Such clusters were shown to be stable upon subsequent STM imaging.
These results are consistent with the previously mentioned DFT studies performed by
Hardcastle [173], who reported that the step edge binding energy was higher than binding
on the terrace.
2.4 Transition Metal intercalation
Palladium deposited on graphene or on graphite does not exhibit intercalation at room
temperature [151,177,188,189]. In the case of graphite, Pd GICs can be obtained only by
reduction of the corresponding metal chloride (PdCl2- GICs) as described, for example, in
Ref. [190] and Ref. [191]. The literature contains work on Pd intercalation in supported
graphene achieved upon thermal annealing at temperatures of several hundreds degrees
Celsius [188,189]. The intercalation mechanism of Pd in Ru(0001) supported graphene was
investigated by Huang et al. [188]. To promote the intercalation, the sample was annealed
to 800 ◦C. STM images showed the formation of triangular-shaped intercalated islands
exhibiting the same periodicity of the graphene/Ru(0001) Moire´ pattern and an apparent
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Table 2.2: Pd clusters morphology on graphene for several graphene substrates. θ is the
coverage expressed in monolayers, Tdep is the substrate temperature during Pd deposition,
d is the mean diameter of Pd clusters and h their thickness.
Substrate θ(ML) Tdep(K) d(nm) h(nm) Shape Ref.
Gr/Ru(0001) 0.1 ∼ 8 [162]
0.4 ∼ 14 [162]
Gr/Rh(111) 0.3 150 3.0± 0.3 0.66± 0.10 Spherical. [161]
Gr/Cu(111) 0.9 300 7.8± 1.1 1.2 - 1.6 Mainly well-defined [167]
triangular shape.
graphite (0001) 620 ∼ 4 > 1.5 Regular tetrahedron. [187]
HOPG 4 ∼ 4 Spherical clusters [176]
irregularly packed
in islands of 60 nm
in diameter.
8 ∼ 4 Spherical clusters [176]
arranged in flat
islands of 100 to
200 nm in diameter.
50 4 - 4.4 Densely packed [176]
spherical clusters.
47
CHAPTER 2. Metal deposition on graphene: results from the literature
height of 2.70 A˚. Moreover, the graphene on the top of these islands showed a perfect
lattice, without strains or defect due to the intercalation, suggesting quasi-free-standing
graphene. This observation has demonstrated that Pd intercalation can be a route to
overcome the strong interaction between graphene and the substrate. The distribution of
the intercalated clusters was not related to the presence of defects [188]. This observation
led to the hypothesis of the following intercalation mechanism, illustrated in Figure 2.6:
the high temperature promotes the adatom-aided formation of an atomic defect, through
which Pd can intercalate, followed by the self-healing of the C-C bonds. The annealing
temperature is high enough to weaken the C-C bonds, which can break and bind with a
Pd adatom, yielding an atomic scale defect and allowing the Pd atom to move on to the
Ru(0001) substrate where it experiences a lower adsorption energy20. Since the Pd-Ru
binding energy is higher than the Pd-C binding energy, the carbon atoms can re-establish
their bond upon cooling down of the sample and the pristine graphene lattice is resumed.
Yagyu et al. [189] investigated Pd intercalation in a buffer layer, called by the authors
“zero-layer graphene”21 (ZLG), grown by thermal annealing on an SiC(0001) substrate.
Pd evaporated at room temperature on the ZLG resulted in round-shaped clusters. For
an evaporated amount corresponding to 0.8 ML, such clusters showed a diameter of 4-6
nm and a thickness of 0.5-0.8 nm. The intercalation was performed by means of thermal
annealing at temperatures between 700 ◦C and 1100 ◦C. Evidence for intercalation was
provided by the disappearance of the clusters and in the formation of several islands with a
top surface 0.3 nm high, a value very close to the Pd interatomic distance in the bulk (0.28
nm). Therefore, just one Pd layer was intercalated. Moreover, the charge transfer after
Pd intercalation occurred only between the intercalated Pd layer and the SiC substrate;
no charge transfer with the graphene layer was detected by XPS measurements [189].
That intercalation proceeds only at high temperatures can be explained by the high
energy barrier that a Pd atom must overcome for moving through the graphene layer:
Ebarrier = 8.66 eV for pristine graphene and Ebarrier = 3.83 eV for defective graphene, as
calculated by Huang et al. for free-standing graphene [188]. One of the possible routes to
overcome Ebarrier is through thermal annealing at high temperatures.
20The DFT calculated adsorption energy of a Pd atom amounts to -1.90 eV on graphene and to -4.52
eV on Ru(0001).
21In the thermal annealing technique, about 30% of the carbon atoms in the first grown graphene layer
bond covalently with the SiC substrate. As this is not an ideal graphene layer, it is called ’zero-layer
graphene’ or ’buffer layer’. It can be decoupled completely from the substrate through intercalation,
becoming an ideal graphene layer (see Ref. [189] and references therein).
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Figure 2.6: Scheme of the intercalation process of a Pd atom through a perfect graphene
layer. (a) The Pd atom adsorbed on graphene. (b) At high temperature, the Pd atom
bonds with carbon atoms, inducing a defect in graphene. (c) The defect allows the Pd
atom to pass through and to bond with the substrate (not drawn). (d) The carbon atoms
of graphene after re-binding. Adapted from Ref. [188].
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Chapter 3
The LEEPS microscopy technique
This chapter is dedicated to the low-energy electron point source (LEEPS) microscopy.
In the first part a short overview on in-line holography with low-energy electrons and its
recent applications is presented. In the second part, the dedicated LEEPS microscope,
developed at the University of Zurich for the studies of the alkali metal nucleation on
free-standing graphene, will be introduced and described in detail.
3.1 In-line holography with low-energy electrons
In 1931, M. Knoll and E. Ruska [192] introduced the TEM concept, which has continu-
ously been improved over the following decades. However, the resolution of such electron
microscope was severely limited by the aberrations induced by the electron lenses available
during the early times. In order to overcome these limitation, in 1948 D. Gabor formu-
lated the famous “A new microscopic principle”, proposing a lens-less microscope based
on in-line electron holography [193, 194]. In this scheme no electrostatic lenses between
the sample and the electron detector are necessary, resulting in a setup very similar to
that of the shadow projection microscope, where a divergent electron beam projects the
magnified image of a conductive sample onto the far detector. In addition, in the Gabor’
scheme the holography patterns formed by the electrons on the detector provide access to
the phase of the object wave, which is typically not available in other electron microscopy
techniques. As in a projection microscope, the magnification is given by the ratio::
M =
D
d
, (3.1)
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where D is the distance between the point focus of the divergent electron beam and the
detector, and d is the distance between the point focus and the sample.
3.1.1 The holographic principle
The fundamental requirement in the Gabor’s proposal is the coherence of the emitted
electron beam. The sample is placed at a short distance in front of the point focus, and it
is smaller than the area in the object plane illuminated by the electron beam. Part of the
electrons emitted from the source elastically scatter off the sample giving rise to the object
wave Ψo. The unscattered fraction of the emitted electron beam, the reference wave Ψr,
will interfere with Ψo at the detector plane where the interference pattern is produced, as
shown in Figure 3.1. The intensity at the detector is given by the squared module of the
superposition of Ψr and Ψo:
H(X,Y ) = |Ψr(X,Y ) + Ψo(X,Y )|2 =
= |Ψr(X,Y )|2 + |Ψo(X,Y )|2 + Ψr(X,Y )Ψ∗o(X,Y ) + Ψ∗r (X,Y )Ψo(X,Y ) ,
(3.2)
where (X,Y ) denotes the coordinates in the detector plane. The first term is the coherent
background due to the reference wave, that is known and can be subtracted, while the
second term is assumed to be small and can be neglected. The last two terms represent
the interference pattern and contain the information on the amplitude and phase of the
scattered object wave.
The hologram can numerically be reconstructed. First, the hologram H(X,Y) is mul-
tiplied by a simulated reference wave; then, using the Huygens principle and the Fresnel
formalism, the object wave is calculated in planes back-propagating from the detector po-
sition towards the source [195]. The reconstruction will appear in focus at a position equal
to the experimental source-to-sample distance. The hologram reconstructions presented
in chapter 4 have been performed using the algorithm published in Ref. [196].
In the last two terms of Equation 3.2 both the object wave and its complex conjugate
contribute equally to the interference pattern, giving rise to the so called twin image effect,
which is an intrinsic side effect exhibited by any in-line holographic scheme. Because of
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Figure 3.1: The principle of in-line holography with low-energy electrons. A divergent
beam of coherent electrons impinges on the suspended sample. A fraction of the incident
beam elastically scatted off the sample (object wave Ψo) interferes with the fraction of the
beam not scattered by the object (reference wave Ψr), producing an interference pattern
(hologram) on the detector. Amplitude and the phase of the object wave can be retrieved
through the hologram reconstruction process.
the presence of the twin image, the resulting reconstruction would be a sum of the focused
image with the out-of-focus twin image [193].
3.1.2 Holography with low-energy electrons
The holographic technique, together with the use of a beam of low-energy electrons, offers
several advantages with respect to conventional electron microscopes. Low-atomic-number
materials have higher scattering amplitude for low-energy electrons and as a consequence,
the resulting images will exhibit a high contrast. Moreover, the energies involved are low
enough not to damage organic and biological materials, as for example DNA [197–199].
Electrons with energies in the range of 30-250 eV exhibit a velocity of the order of 106 m/s;
thus, low-energy electrons are slow enough for their trajectories to be perturbed by very
small electric and magnetic fields. As an example, holography with low-energy electrons
has been used to detect fractions of elementary charges [61].
A divergent coherent electron beam can be efficiently produced by using ultra-sharp
nanotips, exhibiting one or few atoms on the apex, called electron point-sources (EPSs) [200–
202]. The introduction of EPSs has represented a significant contribution to the devel-
opment of low-energy electron holography, as they provide a directly coherent divergent
beam avoiding using lenses to shape the beam.
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The electron source
An EPS is usually produced by shaping the tip of a thin tungsten wire with crystallographic
orientation (111), as detailed in section 3.2.1. Field emission from W(111), characterized
by a work function of 4.47 eV [203], occurs for fields above 0.3 V/A˚. In proximity of the
apex of a negatively biased ultra-sharp nanotip, the electric field is sufficiently high to
reduce and narrow the barrier at the metal-vacuum interface for electrons to have a high
probability to tunnel into the vacuum as described by the Fowler-Nordheim equation [204]:
J = (1.5 × 10−6/φ)F 2 exp(−6.44 × 109φ3/2/F ), that relates the emission current density
J to the local electric field F on the cathode tip and to the work function φ [205]. This
feature allows for electron field emission at low bias voltages, typically ranging from -20 V
to -250 V with an emitted current of 0.5-100 nA. Since the sample serves as the anode for
the field-emission EPS, the emission properties depend also on the distance d between the
tip and the sample through the term F : F = βV/d, with V being the applied voltage and
β being the field enhancement factor that accounts for the geometry of the tip (see e.g.
Ref. [206]). Electrons are mainly emitted one at a time by the EPS and, thus, effects arising
from the Coulomb repulsion among emitted electrons are avoided. The emission is not
isotropic, but it occurs in forward direction within a narrow cone, resulting in a divergent
electron beam. This limited divergence angle of the electron trajectories is due to the
rapid decrease of the electric field at the apex already at a polar angle of few degrees from
the tip axis [207,208]. Because of the strong dependence of J on F , the electron emission
is concentrated at the apex of the EPS. In addition, the radial intensity distribution of the
emitted electrons approximately follows a Gaussian distribution [209–211]. Although in
routine LEEPS measurements not always a tip ending with one apical atom is used, the
radius of curvature of the tip is typically small enough to emit electrons with trajectories
(at a large distance from the tip surface) that, with a high degree of accuracy, can be
considered as originating from the surface of a smaller virtual sphere. This effect is due
to the spherically distributed potential next to the tip apex and the radius of the virtual
sphere defines the virtual source size. The shape of the tip, together with the applied
voltage and its distance from the sample, influences the electron current emitted and thus
the brightness of the beam, while the spatial coherence of the electron beam is mostly
influenced by the size of the virtual source.
The coherence of an electron beam is defined both in terms of temporal and spatial
coherence. The temporal coherence refers to the longitudinal coherence length Lt on the
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propagation direction of the beam, and is limited by the energy spread of the emitted
electrons:
Lt =
λ2
∆λ
=
2U
∆U
λ , (3.3)
where λ is the electron wavelength and U is the electron energy. For a field emission
source, the decaying tunnelling probability below the Fermi level ensures the low energy
spread of the emitted electron ensemble, with typical values of ∆U ∼ 250 meV for a
W(111) source [204, 212]. The spatial coherence, instead, denotes the coherence in the
plane perpendicular to the propagation direction of the beam and is limited by the finite
spatial extent of the virtual source. The spatial coherence length Ls depends on the source
size through the Van Cittert-Zernike theorem [213]:
Ls =
λd
pireff
, (3.4)
where reff is the effective source size and d is the distance between the electron source and
the sample. An upper limit to the virtual source size can experimentally be estimated
from the coherence area at the image plane As = pi(M Ls)
2, where M is the magnification
defined in equation 3.1, through the equation 3.4:
reff =
λdM√
piAs
. (3.5)
Typical experimental values of reff for electrons in the range 60− 300 eV are of a few
Angstroms; since the electrons are emitted from a volume of atomic dimensions, these tips
can effectively be considered as point-sources [202,213–215]. Some values reported in the
literature are reff = 1.7 A˚ in Ref. [62] and reff = 1.6 A˚ in Ref. [214].
The mean experimental brightness of an electron source B is defined as the current
density J per unit solid angle Ω. According to the derivation reported in Ref. [216], B
can be determined from the coherence area As, the current density J , and the wavelength
λ through:
B =
2JAs
λ2
. (3.6)
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As an example, the average brightness reported in Ref. [217] for a single-atom termi-
nated nanotip is B = 3.3× 108 A/(cm2 · sr) at an emission voltage of 470 V.
Resolution
In in-line holography, the fundamental resolution limit is related to the radiation wave-
length and the numerical aperture of the microscope through the Abbe diffraction limit:
RAbbe = λ/(2N.A.). However, it should be noted that in a real low-energy electron point
source setup the resolution can be limited by several external factors, such as the occur-
rence of mechanical vibrations and the coherence of the emitted electron beam [216,218].
Mechanical vibrations lead to a relative displacement of the electron source ∆s with re-
spect to the sample that induces a shift of the hologram by ∆S = M∆s. Hence, the
acquired hologram will be the superposition of all these shifted holograms generated dur-
ing the integration time of the image readout system, resulting thus in a blurred image
with degraded interference fringes. From equation 3.5, the effective source size reff is in-
versely proportional to the coherence area at the image plane As; being the width of the
interference fringes band affected by the above mentioned factors, As gives an underesti-
mate of the spatial coherence and from equation 3.5 an upper value of the virtual source
size is calculated. The resolution is proportional to reff , that in turn can be considered
the instrumental resolution [216]. For an acquired hologram, the resolution is estimated
from the highest frequency in the Fourier spectrum of the hologram [219]. Defining kmax
as the maximum frequency in the hologram spectrum, the resolution is given by [219]:
R =
2pi
kmax
. (3.7)
The value of kmax is given by the product of the pixel value (from the centre of the
spectrum) at which the highest frequency is observed, A, and the pixel size in the Fourier
domain, ∆F. Being ∆F = S
−1
obj, where Sobj × Sobj is the object area size, and being
Sobj = Sdet/M , where Sdet×Sdet is the detector area, kmax can be written as: kmax = AM
Sdet
.
3.1.3 Graphene as support slide
One of the requirements for in-line holography is that an appreciable fraction of the im-
pinging electron beam should be transmitted unscattered toward the detector. The object,
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thus, should be small enough to block only a minor fraction of the beam1. Typically, in
low-energy electron holography, the sample is stretched on a holey or lacey carbon mem-
brane (see, e.g., Ref. [197] for DNA samples and Ref. [220] for carbon nanotube samples)
or protrudes from an edge (see, e.g., Ref. [221]). The drawback for these kinds of sam-
ples is the presence of the so-called “biprism effect”2 in the hologram, that can make the
interpretation of the reconstructed distributions extremely difficult [223].
Graphene has shown to be a very suitable substrate for LEEPS investigations. It is
an atomically thin membrane3 exhibiting a high conductivity and transparency even to
low-energy electrons. Moreover, it acts as a grounded plate avoiding, thus, the biprism
effect [62]. Graphene transparency to low-energy electrons can find applications not only
in LEEPS microscopy [62, 63] but also in electronics, for example as gate material in a
vacuum triode setup [224].
The transparency is defined as T = It/I0, where It is the intensity of the transmitted
beam and I0 is the intensity of the incident beam. In table 3.1 the transparency values
of single layer and bilayer graphene to low-energy electrons reported in the literature are
summarised. The attenuation of the incident beam intensity can be described in terms of
the effective attenuation length lEAL:
It(h) = I0 exp(−h/lEAL) , (3.8)
where h is the thickness of the material. Using a value of lEAL ≈ 5A for an electron beam
energy of 100 eV [225], from the equation 3.8 Mutus et al. calculated a value of h = 1.46A
for graphene [62]. The authors pointed out that this result is different from the expected
graphite interlayer distance (3.35A) and, instead, corresponds to twice the sp2-bonded
carbon covalent radius [62].
1This requirement is necessary to neglect the term |Ψo(X,Y )|2 in equation 3.2.
2This name is related to the electron biprism, i.e. a thin positively charged wire, splitting the electron
beam and leading to equidistant interference fringes [222]. The resulting interference pattern can be
described as that of two overlapping wavefronts originating from two coherent virtual point sources shifted
sideways at +d and −d from the real source. In LEEPS microscopy, the voltage difference between the
tip and the sample results in a potential gradient around the elongated sample. The emitted electron
trajectories are distorted by such potential gradient on both sides of the elongated object, which behaves
like a positively charged wire.
3Low-energy electrons are characterised by a short penetration depth in materials. Therefore, a sub-
strate thin enough to be transparent to low-energy electrons is necessary, allowing for imaging the sample
deposited on it.
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Table 3.1: Transparency values of single layer T (SLG) and bilayer graphene T (BLG) with
respect to the electron beam energy E as found in the literature. Both measurements
and simulations show that graphene is transparent to low-energy electrons and the trans-
parency increases with the energy of the incident electron beam.
E[eV] T (SLG) Method Reference
2 - 40 ∼ 0.6 Vacuum triode setup [224]
20 - 200 0.05 - 0.95 Simulations in a time-
dependent framework
[226]
66 0.73 LEEPS [63]
100 0.74 LEEPS [62]
300 0.6 PES [227]
2 - 300 0.02 - 1.05a Ultralow-energy STEM [228]
60 - 300 0.68 - 1.2a Time-dependent DFT [229]
250 0.88± 0.01 LEEPS This thesis work
E[eV] T (BLG) Method Reference
66 0.46 LEEPS [63]
2 - 300 0.03 - 1.05a Ultralow energy STEM [228]
60 - 300 0.50 - 1.5a AB stacking
0.67 - 1.5a AA stacking
Time-dependent DFT [229]
a According to the authors of Ref. [228] and Ref. [229], the values T (SLG) > 1 and T (BLG) > 1
are due to the contribution of secondary electrons caused by high energy impinging electrons. In
the experimental study reported in Ref. [228], secondary electrons are emitted from the sample and
accelerated towards the detector together with the transmitted electrons. In the time-dependent DFT
study (Ref. [229]), the formation of secondary electrons is accounted for by the computational framework
used for the simulations.
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Figure 3.2: (a) Simulated holograms for a point-like charge at −e, +0.5e, +e, and +2e
charge value and (b) the corresponding radial intensity profiles published in [61]. The
energy of the electron beam used for simulations is 30 eV with a distance between the
electron source and the sample dtip−sample = 82 nm and a distance between the electron
source and the detector dtip−detector = 47 mm. (c) Simulated holograms for −e charge
(upper row) and +e charge (lower row) for energies in the range 50 − 125 eV and (d)
the corresponding radial intensity profiles. The scale bar on the left and the right side
of simulated holograms refers to the size in the object plane and the detector plane,
respectively. Image adapted from Ref. [61].
3.1.4 Direct observation of charges
Recently, it has been demonstrated that it is possible to observe charged adsorbates on free-
standing graphene and their dynamics with LEEPS microscopy [61]. These adsorbates, if
neutral, would have a too weak contrast to be distinguished from the noise.
The simulations of point charges show that a negative charge produces a dark spot on
the detector, while a positive charge produces a bright spot with an intensity proportional
to the amount of charge (Figure 3.2a and 3.2b) [61]. As the energy of the probing electrons
increases, the intensity of the bright spots and the radial coordinate of the first minimum
decrease (Figure 3.2c and 3.2d) [61].
For a localised charged object the ordinary reconstruction routine does not converge
to meaningful result. The reference wave is altered by the potential of the object, making
it impossible to distinguish a term related to the reference wave and a term associated
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with the object wave, as required for an ordinary reconstruction routine. However, it
has been demonstrated that it is possible to recover the projected potential of a charged
adsorbate through an iterative phase retrieval reconstruction algorithm [218]. The phase
shift distribution obtained from the reconstruction is linearly related to the projected
potential Vproj:
∆ϕ = ϕobj − ϕvac ≈ 2pi e
hv
Vproj ,
where ϕobj and ϕvac are the phases of the exit wave in presence and absence of the object,
respectively, calculated through the eikonal equation; e is the elementary charge, h is the
Plank constant and v is the speed of the probing electrons. The projected potential is
given by the electrostatic potential of the object V causing the phase shift integrated over
the paths of the probing electrons Vproj =
∫
path V ds. The retrieved phase shows a constant
value within the area of the adsorbate and decays outside. If compared with a Coulomb
potential (∼ 1/r), the projected potential reconstructed from experimental data shows a
slower decay. The reason for this discrepancy might be the free point-like charge model
used in the simulations, that do not consider the charge redistribution in graphene upon
adsorption [218].
The exact knowledge of the chemical origin of an adsorbate, together with the infor-
mation on the potential distribution provided by LEEPS microscopy, can provide further
insight into the adsorption properties on free-standing graphene, so far investigated mainly
by DFT calculations.
3.2 The LEEPS microscope
A Low-Energy Electron Point Source microscope is a lens-less setup composed mainly of
an electron point source, emitting a divergent coherent beam of low-energy electrons, the
sample and the detector (Figure 3.3a). On the experience of the previous microscopes, we
have designed and built a new LEEPS microscope dedicated to the in situ investigation
of metal nucleation on free-standing graphene. The new microscope has been operational
since July 2015.
3.2.1 Design of the microscope
The optical bench of this microscope, where tip and sample are positioned, is suspended
from a fixed frame attached to the vacuum flange. The frame hosts tools such as the
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evaporation unit, the heater and the sample storage (Figure 3.3b). The relative position
of the electron source with respect to the the sample is controlled by four piezo-electric
inertial nanopositioners. The tip tower and the sample tower are depicted and described
in Figure 3.4.
One additional feature in this new LEEPS microcope is the possibility for a fast ex-
change of the tip from the load-lock (Figure 3.3c) without a need to vent the main chamber.
Further improvements are related to the vacuum conditions and to the mechanical sta-
bility. A mechanical wobble-stick permits to move the sample inside the chamber and to
operate on the evaporator unit for selecting one out of the four available evaporators.
The resolution of the LEEPS microscope, as described in section 3.1.2 can be estimated
from the number of visible interference fringes. As mechanical vibrations are one of the
primary sources of fringe degradation, special care was taken to damp the microscope
properly. The optical bench is suspended by mean of O-rings made up of Viton (see inset
of Figure 3.4), a material that is well known for its high internal damping [230]. All wires
coming from the optical bench are clamped in Viton cylinders and fixed into slots, both
on the optical bench and on the frame, attenuating mechanical vibrations transmitted
through cables (Figure 3.4). The whole microscope is further damped through an active
damping pneumatic system placed on a concrete platform.
The field emitter is shaped from a ∼ 4 mm long and 0.1 mm thick single-crystal tung-
sten wire with (111) crystallographic orientation spot welded on a molybdenum hairpin
for resistive heating in vacuum. The tip is prepared by electrochemical etching in a 20%
sodium hydroxide (NaOH) solution. During the procedure, the tungsten is removed at the
meniscus of the solution with an etching rate faster at the bottom of the meniscus than
at the top, resulting in a cusp-shaped tip with an apex radius of 20 − 50 nm. Then, the
tip is transferred inside the main chamber of the microscope where is cleaned by ohmic
heating and further sharpened by neon ion sputtering following the procedure proposed
by Janssen and Jones [231]. High-purity neon is inserted into the main chamber to a
pressure of about 5 × 10−4 mbar. The tip is negatively biased to a high enough voltage
(typically of ∼ 2 kV) so that a constant field emission current of 20µA is reached. Neon
ions are formed by collision with the field-emitted electrons and are accelerated towards
the tip, sputtering the shanks of the apex and decreasing the tip radius. A more detailed
description of the tip preparation procedure can be found in Ref. [232].
As described in section 3.1, the magnification of the image is related to the source-to-
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sample distance, which can not be measured directly in this LEEPS microscope. However,
it can be estimated from the calibration of the lateral shift of the positioner labeled with
T in Figure 3.4. The shift ∆x of the tip causes a lateral displacement ∆X of the image on
the screen, therefore from geometry dtip−sample = dtip−detector ∆x/∆X. A more accurate
determination of such distance is obtained from the subsequent reconstruction of the
hologram.
The detector is made up by a 75 mm diameter high-resolution single stage micro-
channel plate (MCP) followed by a phosphor screen. The distance source-to-detector is
158 mm, allowing a magnification of 3 × 105 for a source-to-sample distance of 500 nm.
The numerical aperture of the microscope is N.A. = 0.23 with an intrinsic resolution of
RAbbe = 2.7A for electrons with an energy of 100 eV.
The hologram on the phosphor screen is acquired by a digital camera not mechanically
connected to the microscope. We use the on-the-shelf camera Canon 5D mark II equipped
with a macro lens. The linearity of the CMOS sensor, as well as the noise level, have been
tested in an optical setup with a neutral density filter and results have been compared to
the output of a Hamamatsu Orca II C4742-95 camera. The camera response showed to be
linear for ISOs integer multiples of 160, the native ISO for this camera. The Canon sensor
can acquire images with 14-bit dynamic range and 5616 × 3744 pixels of resolution. In
the movie mode, a frame rate of 25 fps in jpeg compression at a resolution of 1920 × 1088
pixels is reached. The conversion from the Canon proprietary RAW format (.CR2) to
TIFF format has been performed with the software dcraw [233].
3.2.2 The evaporator unit
The presence of evaporators inside the microscope allows for in situ investigations of
clusters growth. They are mounted inside a dedicated evaporator unit, composed mainly
of an inner body and a helmet, as shown in Figure 3.5. The inner body is a rotating
support designed to host up to 4 evaporators and allows for a well controlled positioning
and provides the electrical connections. The evaporators are separated by stainless steel
lateral shields to avoid contaminations from the surrounding dispensers. The rotating
helmet provides reduction of the vapour beam section4 and the shielding of the evaporator
in use during the activation and the cleaning phase. Moreover, the opening on the back
4The cylinder confines the metal vapour only to the sample area. This is important to avoid depositing
metals on Macor parts, that would compromise their electrical insulation.
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Figure 3.3: (a) Scheme of the LEEPS microscope. The electron source is a ultrasharp W
〈111〉 tip. The sample, graphene suspended on a perforated SiN membrane, is at distances
in the range of 0.5−1µm from the tip. The detector (Photek VID175) is placed at 158 mm
from the tip and is made up of a single-stage micro-channel plate (MCP), with a channel
diameter of 10µm, and a phosphor screen. The image formed on the phosphor screen is
acquired by a Canon 5D Mark II camera. (b) Top view of the LEEPS frame and optical
bench. (c) Tip exchange. The newly designed transfer head allows for transferring both,
samples and tips.
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Figure 3.4: Technical drawing of the optical bench. The tip tower consists of a translational
nanopositioner and a rotational nanopositioner, which allows rotating the upper part
to exchange the tip. Moreover, it allows to partially adjust the beam direction along
the optical axes. The sample tower consists of a lower nanopositioner, regulating the
distance tip-to-sample, and a vertical upper nanopositioner. The motion is depicted by
the arrows close to their notations. All nanopositioners used are open-loop piezoelectric
made by non-magnetic and UHV compatible components manufactured by Attocube.
These are based on a “stick-slip” motion technology for the stepping mode movements.
The red arrows indicate the slots in which cables are clamped in Viton cylinders, damping
mechanical vibrations transmitted through wires. The optical bench is suspended from
the surrounding frame by Viton O-rings through extensions, sketched in the inset. The
optical bench extensions have an additional pin to keep the stage locked to the frame when
the stage is lifted up by mean of an eccentric rod; this is necessary to insert or remove
the sample and the tip. A system of stoppers, marked in yellow in the drawing, helps to
prevent force applied to nanopositioners during these operations.
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Figure 3.5: The evaporator unit. (a) Elements composing the evaporator unit: (1) the
inner body, on which the AMDs are mounted, (2) the helmet, and (3) the supporting frame.
(b, c) The evaporator unit inside the LEEPS microscope. In picture (b) the helmet is in
the firing position. In picture (c) the helmet is rotated showing the evaporator in use.
The number on the helmet top and the lateral shields allows for identifying the evaporator
in use. Evaporators are placed at 5 cm from the sample. The inner body as well as the
helmet can be rotated by means of the wobble-stick through the upper and the lower gear
respectively. The helmet has a diameter of 3 cm and a height of 4 cm. The metal vapour
leaks out of a 2 mm diameter nozzle.
side is wide enough for the visual inspection of the evaporator.
The alkali metal sources used are the commercially available Alkali Metal Dispensers
(AMD) manufactured by SAES Getters [234]. These dispensers consist of a mixture of
alkali-metal chromate salt (MeCrO4, where Me is the alkali metal) and a reducing agent
(the Zr-Al alloy St 101) contained in a nichrome boat with defined geometry (Figure 3.6).
The purpose of the reducing agent is twofold: it acts as reducing agent for the salt, and
it acts as getter irreversibly sorbing chemically active gases formed during the reduction
reaction. The reduction reaction between the salt and the reducing agent is activated by
ohmic heating the dispenser and can be written as:
Me +12 Cr
+6O4 +
5
4 Zr
0 2 Me0 + 54 Zr
+4O2 +
1
2 Cr
+3
2 O3
Me +12 Cr
+6O4 +
5
3 Al
0 2 Me0 + 56 Al
+3
2 O3 +
1
2 Cr
+3
2 O3
The released reaction gases are mainly CO, CO2 and H2 [235], but but a small amount
of released H2O and O2 has also been observed [236]. The partial pressures of such gases
reach a maximum at a dispenser current of about 4 A. For currents higher than 5 A,
corresponding to temperatures above 650 ◦C, the St 101 alloy regenerates continuously, ef-
ficiently pumping the reaction gases. Under those conditions, the getter reduces drastically
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the partial pressures of CO and CO2, but not that of H2 [235].
A proper outgassing of the dispenser is crucial for the release of a clean alkali vapour.
After the first degassing, the evaporator in use is continuously powered with 3 A current as
suggested in Ref. [237]. In this state the dispenser will not readsorb gases from the cham-
ber. Before each use, evaporators are powered at 5 A for a few minutes. This procedure
is necessary to regenerate the getter St 101 alloy that could otherwise be saturated [238].
The overall design of the evaporator provides a rather uniform and well-defined tem-
perature for a given current, allowing for a controllable and reproducible evaporation [239].
The typical currents used in my experiments are in the range 5 − 8 A, corresponding to
a temperature of 650 − 850 ◦C. Specifically, a current of 5 − 6 A has been used for Cs
evaporator, 5.5 − 6.5 A for K evaporator and 7.5 − 8 A for Li evaporator. For these cur-
rent values, not reported in the AMD datasheet, it is possible to have a relatively small
evaporation rate. Typical calibration curves for these AMDs, obtained by means of a
quartz microbalance, are reported in Figure 3.7a-c. The behaviour of such evaporators for
very low currents can vary noticeably depending on the evaporator, even for evaporators
within the same production batch. The amount of evaporated alkali metal is nonlinearly
dependent on the evaporation time, as shown in Figure 3.7d. Nevertheless, the operat-
ing time for my experiments is about 5 min and the dependence of the amount of alkali
metal evaporated with respect to time can be considered linear. The evaporator source is
operated maintaining a chamber pressure in the low 10−8 mbar regime.
3.2.3 Sample preparation
In my experiments, single layer graphene grown by CVD on polycrystalline copper foil
provided by the University of Basel and by ASC Material Ltd has been used. Islands of
a second graphene layer grown on the top of the monolayer graphene can be found in the
CVD grown graphene, allowing to investigate the metal deposition on single layer and bi-
layer graphene on the same region of interest. The sample frame for LEEPS measurements
is a 100 nm thick SiN membrane with 500 nm × 500 nm holes milled using a Focused Ion
Beam.
We use a standard technique to transfer graphene, using Poly(methyl methacrylate)
(PMMA) as a sacrificial layer. The graphene is spin coated with an about 100 nm thick
PMMA layer. The underlying copper foil is removed by chemical wet-etching in a solution
of 0.2 M of Ammonium Persulfate (APS). The PMMA covered graphene flakes are then
66
3.2. The LEEPS microscope
Figure 3.6: The Alkali Metal Dispenser (AMD) manufactured by SAES Getter S.p.a. [234].
(a) 3D sketch of the AMD. The Flat Terminals (FTs) are 10 mm long and 2.5 mm wide,
allowing for an easy handling and mounting on the electrodes. AMDs are fastened the
inner body of the evaporator unit, shown in Figure 3.5a, by means of screws through holes
drilled in the terminals. We used evaporators with an active length of A = 12 mm. (b)
Cross-section of the AMD. The reacting powder, a mixture of alkali chromate salt and a
reducing agent, is contained in a nichrome boat. The alkali metal vapour is released from
the slit within an emission angle of 100°. A nichrome wire in the slit avoids the leaking
of powder and increases the mixture compression. Thanks to the well-defined geometry,
these evaporators perform in a highly reproducible manner. All the reported measures are
in mm.
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Figure 3.7: (a) Cs evaporator calibration. (b) K evaporator calibration. (c) Li evaporator
calibration. (d) Yield for Cs and for K evaporator at the same firing current from the
SAES Getters datasheet [234]. The evaporation rate for Li dispensers is not available in
the datasheet.
rinsed several times in ultraclean deionised water to remove residues of the APS. After-
wards the flakes are transferred onto the palladium covered substrate and dried in air at
80 ◦C for 30 minutes.
The PMMA layer is removed by taking advantage of the catalytic properties of platinum-
metals [240]. The palladium on the substrate acts as a catalyst, dissociating the hydrogen
molecules of the polymer. The PMMA is thus dissociated into lighter molecules and
monomers that desorb to the gas phase. The process is activated in air at temperatures in
the range 175− 350 ◦C. The membranes are coated with 10 nm of chromium and 25 nm of
palladium on each side by using a high-vacuum sputter coater. It has been demonstrated
that with this technique nanometre-sized islands are formed on the surface, enhancing the
catalytic process [240]. Moreover, the catalytic reaction extends over tens of micrometres
wide region along the platinum-metal edge [240], efficiently removing the PMMA from the
suspended graphene flake.
After the annealing in air at 300 ◦C for 90 min, the still hot sample is immediately
transferred into the microscope load lock. A fast transferring towards the UHV main
chamber is a crucial step for ensuring clean graphene with only a few visible adsorbates
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in LEEPS microscopy.
To our knowledge, only few studies related to graphene thermal stability and oxidation
after thermal annealing in air are present5 [241–243]. The temperatures used for the
catalytic process (175 − 350 ◦C [240]) are below the values of 450 − 550 ◦C reported in
these studies for a complete oxidation of graphene. It should be noted that there are
indications of a much reduced oxidation for sample treatments at the temperature of
300 ◦C [242]. DFT simulations have shown that a charge transfer occurs between graphene
carbon atoms and oxygen, with the oxigen gaining a negative charge upon adsorption [244].
Therefore, since our samples exhibit typically just a few black spots in the hologram, we
assume that no significant graphene oxidation is present in our sample at measurement
time. However, no dedicated measurements of graphene oxidation in relation to this work
have been carried out.
3.2.4 Distortion corrections
The LEEPS microscopy, being a lens-less setup, should be free from the aberrations in-
duced by a lens system. Nevertheless, the presence of electric and magnetic fields could
give rise to distorted images on the detector. Specifically, the source of distortion has been
found in a few stainless steel components with a non negligible residual magnetization. We
have had to deal with two types of distortions. The first one is a non uniform distortion,
due to the presence of the magnetized elements. The distortion vector field of the images
(Figure 3.8) shows vectors with different orientation and intensity distributed on the de-
tector area. A proper correction of such images is a challenging task. The second type is
a uniform distortion, observed after having removed the magnetized elements. The effect
of this last kind of distortion is similar to astigmatism in TEM images, and therefore the
same techniques can be applied to correct it. As calibration sample, a regular holey carbon
support film (Quantifoil®) has been used. The fit to an ellipse on each hole provided an
estimate on the direction and on the intensity of the distortion.
5In the work of Surwade et al. [241] oxidised graphene has been obtained by annealing at 550 ◦C for 20
min under atmospheric oxygen. Liu et al. [242] instead heated graphene in an O2/Ar gas flow for 2 hours
finding oxidised graphene at 450 ◦C. Moreover, they found that an annealing at 300 ◦C causes hole doping
in graphene due to the charge transfer between adsorbates like H2O and O2 and graphene. Comparable
results were found by Nan et al. [243], who report defects in graphene at 500 ◦C and instabilities in graphene
edges at 200 ◦C. One of the factors influencing the thermal stability of graphene is the presence of intrinsic
defects and domain boundaries, which are non-uniformly distributed in CVD graphene and are the most
favourable sites for O2 adsorption.
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Figure 3.8: Distortion vector field of images affected by non-uniform distortions due to
magnetised components in the evaporator unit. The modulus of the longest vector, visible
on the left side of the image, corresponds to a ratio between the minor and the major axis
of 0.68.
Uniform distortion
The simplest case of distortion in a TEM is due to astigmatism, which is described as
a different magnification along the x and the y axis. This means that a circular object
appears elongated in the image, and so it can be described by an ellipse. In LEEPS
microscopy, a uniform electric field can give rise to the same effect. Therefore, I applied
TEM astigmatism correction techniques (described in the works of Zhao et al. [245] and
Yu et al. [246]) to my data.
The first step is to estimate the strength of the anisotropy, and therefore the orientation
and the amount of distortion. As a test sample, a TEM carbon grid Quantifoil® R0.6/1
with 600 nm diameter holes has been used. The contour of each hole has been extracted
through a Canny filter, and a nonlinear least-square method has been applied to each
contour to fit it to an ellipse. The quantities we are interested in are the length of the
major axis a, the minor axis b, and their orientation with respect to the coordinates system
of the image. In particular, the angle θ between b and the x axis has been considered.
Since the values of a and b depend on the magnification used during the acquisition, it is
necessary to introduce the parameter α that is given by is the ratio between the minor
and the major axis of the fitting ellipse and, thus, is independent on the magnification.
The values α = 0.864 and θ = 1.8◦ have been obtained.
The second step is to correct such a distortion through mathematical transformations.
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Figure 3.9: The correction for elliptic distortions using a Quantifoil R0.6 as a test sample.
(a) The length of the major axis a, the minor axis b, and their orientation θ with respect
to the system of axis of the image are estimated. (b) The image is rotated by θ to align
the ellipse axis to a reference axis. (c) The image is compressed in such a way that a = b.
(d) The image is rotated back by θ.
The correction of elliptic distortion, depicted in Figure 3.9, is a three-step process:
1. the image is rotated to align the ellipse major axis to the y axis;
2. the ellipse new y axis is scaled to be equal to the minor axis;
3. the image is rotated back.
From the mathematical point of view this corresponds to the following transform:x′
y′
 =
cos θ − sin θ
sin θ cos θ
α 0
0 1
 cos θ sin θ
− sin θ cos θ
x
y

where θ is the angle between the minor axis and the x axis, and α = b/a. In this way,
each point P = [x, y] is transformed in P ′ = [x′, y′]. Since the pixel coordinates of the
P ′ points could not be integer values, it is necessary to interpolate the points of the new
image. For this purpose, a bicubic interpolation has been used.
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Chapter 4
Metal adsorption and nucleation
on free-standing graphene
As detailed in the previous chapter, low-energy electron holography is a compelling tech-
nique to investigate single adsorption events of alkali metals on free-standing single layer
and bilayer graphene. Indeed, low-energy electrons are extremely sensitive to localised
charges (see section 3.1.4), such as the positive ion resulting from the adsorption of an
alkali atom on graphene. Moreover, as graphene exhibits a transparency of approximately
70% per layer to electrons with an energy in the range 30-250 eV, it is conceivable that
alkali metals adsorbed on bilayer graphene or intercalated between the two graphene layers
can be detected.
This chapter presents the experimental results of alkali metals deposited on free-
standing graphene. The first section is dedicated to the adsorption of Cs, K and Li.
The second section is dedicated to investigating the behaviour of such alkali metals de-
posited on adjacent domains of single layer and bilayer graphene. For comparison, the
deposition of a non-alkali metal, namely Pd, is investigated. The third section is dedi-
cated to investigating the effect of the electron beam on the growth of Pd clusters and
comparing the LEEPS microscopy vs. the TEM images of such clusters. The last section
reports the use of Pd clusters as anchors for Cs nucleation. All reported data have been
acquired at room temperature.
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4.1 Adsorption of alkali metal atoms on free-standing single
layer graphene
In LEEPS microscopy, the signature of a positively charged ion adsorbed on free-standing
graphene is a bright spot on the detector [61]. It is well known that an alkali atom
adsorbed on graphene easily donates its outermost electron, giving rise to a polar bonding
[34,45,72]. The amount of charge transferred and the distance between the alkali ion and
the graphene layer have been reported in the literature for coverages above the (6 × 6)
supercell, corresponding to a coverage of 0.11 ML for K and Cs and of about 0.03 ML
for Li1. As described in section 2.1.1, the values of the charge transferred obtained by
DFT simulations are slightly different in different works, depending on the functional
implemented; for the (6 × 6) supercell, typical values calculated for the charge transfer
are close to 1 e. Thus, at very low coverages, such as those typically used in this thesis, it
is reasonable to assume that the charge transfer from the alkali adatom to the graphene
layer underneath amounts to one elementary charge. Moreover, the presence of single-
atom adsorbates is guaranteed by the dipole-dipole repulsion between the alkali metal
atoms on graphene. The formation of clusters is thus unlikely to occur at low coverage on
a perfect graphene layer.
The cleanliness of the vacuum chamber is crucial for adsorption experiments and has
therefore been checked before each experiment, comparing the images of the selected
window acquired soon after the insertion of the sample in the microscope and after 30
min. This interval of time is much larger than the typical deposition times of alkali metals
and comparable with that of Pd. This check ensures that a negligible amount of impurities
from the residual gas in the chamber will be deposited on the sample.
Figure 4.1 shows typical holograms of Cs deposited on free-standing single layer graphene.
Two phenomena are observable during Cs deposition: the adsorption of new atoms and the
migration of the already adsorbed ones. This is apparent from the movie of the acquisition,
from which a sequence of eight subsequent frames is shown in Figure 4.1a. Because the Cs
diffusion on graphene is extremely fast for the 40 ms time resolution of the experimental
setup, tracking an individual adsorbate would be a challenging task. In addition to Cs
1The coverage here is defined as θ = N/Nmax, where N is the number of adsorbates and Nmax is the
maximum number of adsorbates achievable, that is, the density of adsorbates required to cover the surface
with 1 ML of atoms. According to Caragiu et al. [71], 1 ML of K and 1 ML of Cs on a graphite surface
corresponds to the (2 × 2) phase, where 1 alkali atom corresponds to 8 C atoms. In contrast, Li can form
1 ML on graphite with a (1 × 1) supercell, in which 1 Li adatom corresponds to 2 C atoms.
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Figure 4.1: Cs on free-standing graphene during the deposition. (a) Subsequent frames
acquired at a frame rate of 25 fps and with electron beam energy of 90 eV. The scale
bars correspond to 50 nm. These holograms are distortion corrected according to the
procedure described in section 3.2.4 and background subtracted. (b) First image of the
previous sequence. The blue line across the Cs adsorbate and a charged cluster indicates
the position for which the intensity profile (c) has been acquired. The red line in (c)
indicates the background level. The selected profile is about 70 nm long.
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adatoms, adsorbates exhibiting no dynamic are present in these holograms. These adsor-
bates are indicated by a much more intense spot and are likely the result of Cs nucleation
on pre-existing small clusters. Such clusters can be identified in the hologram recorded
before the deposition started and likely originate from the sample preparation process.
Figure 4.1b shows one of the clusters and a Cs adatom next to it, and the intensity profile
across them has been measured (Figure 4.1c). The intensity of the bright spot of the
cluster is 2.6 times higher than the intensity of the Cs atom2. In the assumption that the
bright spot due to Cs ion is originated by a +e charge and according to the simulations
reported in Ref. [61], the charge of the cluster should amount roughly to +2.6e.
The Cs deposition evolution is illustrated in Figure 4.2. Under these experimental
conditions, the bright spots of the Cs ions overlap above a density of about 0.01 NCs/nm
2,
corresponding to a coverage of 0.05 ML, and individual atoms are challenging to be re-
solved. However, this density is still low enough not to observe the decrease in the charge
transfer with the coverage predicted in the literature [77, 78, 80]. An interesting effect,
shown in the frames reported in Figure 4.3, can be observed once deposition stops. The
density of adsorbates drastically decreases in less than 60 s until reaching an equilibrium
state in about 100 s. As shown in Figure 4.4, a slightly higher concentration of bright
spots has been found close to the rim of the suspended graphene window; however, it does
not justify the huge amount of Cs adatoms missing from the graphene window. A plausi-
ble hypothesis could be that Cs adatoms migrate towards the frame of the free-standing
window and reach the graphene areas supported by the Pd-coated substrate, where the
binding may be energetically favoured with respect to the free-standing graphene. Un-
doubtedly, dedicated measurements on the supported graphene areas, e.g. by means of
STM, are necessary to shed light on this phenomenon.
The hologram of K deposited on free-standing graphene seen in Figure 4.5a, shows
bright spots exhibiting a wide intensity profile. The behaviour during K deposition and
after the deposition was stopped is similar to that reported for Cs, with a pronounced
reduction of the density of adsorbates within 60 s once the deposition has been stopped.
On the contrary to the above-mentioned alkali metals, Li hologram shows bright spots with
a smaller size, as shown in Figure 4.5b. Moreover, after the deposition has been stopped,
Li adatoms persisted on the adsorption sites. This behaviour is in agreement with DFT
2The ratio has been calculated as (Imax(c)−B)/(Imax(Cs)−B), where Imax(c) is the maximum in the
intensity profile for the cluster, B is the background level (indicated with the red line in Figure 4.1(c)),
and Imax(Cs) is the maximum in the intensity profile for the Cs adsorbate.
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Figure 4.2: Holograms showing the deposition evolution of Cs. The evaporator has been
operated at 5.1 A. The energy of the electron beam is 90 eV. The scale bars correspond
to 50 nm.
Figure 4.3: Holograms acquired at different times after having stopped Cs deposition.
The amount of Cs adatoms in the region of interest drastically decreases within 60 s and
reaches an equilibrium distribution in about 100 s. The energy of the electron beam is 90
eV. The scale bars correspond to 50 nm.
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Figure 4.4: Hologram of the graphene window acquired 240 s after having stopped Cs
deposition. The yellow area indicates the ROI reported in Figure 4.3, while the magenta
arrows indicate the Cs ions accumulated at the rim of the window. The energy of the
electron beam is 93 eV. The graphene window is 500 nm wide.
calculations reported in section 2.1.1: the larger diffusion barrier for Li [79], together with
the reduction of the nucleation barrier with the coverage [82], favours the aggregation of
Li atoms with respect to single-atom adsorption on graphene at high coverages. Moreover,
a three-dimensional shape has been predicted for small clusters [82]. A possible picture
is thus that some of the Li adatoms diffusing on the graphene surface may be at a close
distance to each other; the generated local high density of adsorbates could result in the
formation of a stable cluster.
4.2 Alkali metal atoms on adjacent domains of free-standing
single layer and bilayer graphene
The contents of the following section belongs to the manuscript:
M. Lorenzo, C. Escher, T. Latychevskaia, H.-W. Fink, Metal Adsorption and Nucle-
ation on Free-Standing Graphene by Low-Energy Electron Point Source Microscopy, Nano
Letters, 18 (6), pp. 3421–3427, 2018.
For the series of experiments reported in this section, single-layer CVD graphene grown
on copper (manufactured by ASC Material, Ltd) exhibiting a few areas of bilayer graphene
has been employed. In the CVD process, islands of a second layer can grow on top of the
continuous first graphene layer; therefore, monatomic step edges are present on the side
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Figure 4.5: K and Li deposited on free-standing graphene. (a) Hologram of K deposition
acquired with 52 eV electrons. (b) Hologram of Li deposition acquired with 55 eV elec-
trons. Even though the holograms are affected by distortions, K ions are evident, indicated
by a wider bright spot with respect to Li. The scale bars correspond to 20 nm.
covered by the PMMA during the sample preparation. Windows exhibiting adjacent do-
mains of single layer and bilayer graphene have been selected to simultaneously investigate
metal deposition on both areas. From the findings reported in chapter 2, it is plausible to
expect alkali metal intercalation in the bilayer graphene domain by diffusion through the
step edge, as illustrated in Figure 4.6a. In order to access this intercalation mechanism,
samples were inserted into the LEEPS microscope with the step edge oriented towards the
evaporator, as sketched in Figure 4.6b.
4.2.1 Potassium and Lithium deposition
As already stated, in LEEPS microscopy the signature of an alkali metal atom adsorbed
on free-standing graphene is a bright spot in the hologram. The count of such spots has
been performed by visual inspection, as the use of automated recognition codes frequently
failed in discriminating bright spots originated by positively single charged entities from
those originated by two close charged entities or single charged entities overlapping with
interference fringes, as those originating from the border of the second graphene layer or
from a pre-existing cluster. Nevertheless, for some bright spots a correct identification
could not be possible. This is taken into account for the determination of the uncertainty
of the counted particles. The number of particles is then given by the mean value be-
tween Nmin, the number of particles unambiguously identified, and Nmax = Nmin + ∆N ,
the number of particles identified assuming that all the counted bright spots arise from
individual charged particles. The uncertainty ∆N is accounted for, together with the
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Figure 4.6: Sketches of the measurement method used to study the deposition of alkali
metals on graphene. (a) The step edge made by the second graphene layer and the
underlying first layer of graphene. (b) A scheme of the experimental setup showing the
sample orientation.
statistical error
√
Nmin, in the total error of the number of particles. The particle den-
sity has been calculated for a quantitative estimate and comparison of the alkali metal
amount on single layer and bilayer graphene domains. At low coverages, the dipole-dipole
repulsion between alkali metal adatoms on graphene prevents cluster formation, allowing
to observe individual atoms. The formation of alkali metal clusters can occur by nucle-
ation on pre-existing contaminants. Such adsorbates have been identified in the hologram
acquired before the deposition, and thus their contribution to the density of adsorbates is
subtracted.
In our data, atoms adsorbed on the top surface or intercalated in the bilayer graphene
domain exhibited the very same signature, and their discrimination has not been con-
sidered for the analysis performed in this section. From simple electrostatic simulations
reported in appendix A, the trajectories of the probing electrons are deflected more by an
adsorbed ion than by an intercalated one. Nonetheless, the intensity profiles of the imaged
bright spots in the single layer and bilayer graphene domains do not allow to discriminate
adsorbed from intercalated ions. A reason for this discrepancy may be due to the oversim-
plified model used in our simulations, not reflecting the realistic charge redistribution of an
intercalated alkali metal atom. DFT simulations would be helpful to identify experimental
conditions that would eventually allow for a different signature of an adsorbed and of an
intercalated alkali metal ion. However, an indirect evidence of alkali metal intercalation in
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the bilayer graphene domain is provided by the particle density analysis on single layer and
bilayer graphene. Also for small alkali metal clusters, that may form at high coverages,
each bright spot is simply counted as one entity.
Deposition evolution
The temporal evolution of K on adjacent single layer and bilayer graphene domains has
been imaged during the whole deposition by acquiring subsequent holograms with an
approximate delay time of 5 s. A sequence of 8 of such images is shown in Figure 4.7. In
Figure 4.9a the plot of the particle density per unit area as a function of the deposition
time is reported; data are shown until t = 87 s while the deposition was lasting for longer
time (136 s). For t > 87 s, and thus for higher coverages, the identification of single entities
is not trivial and leads to large uncertainties on the particles counting, especially on the
bilayer graphene domain. As shown in Figure 4.7 and Figure 4.9a, above a particle density
of ρK ≈ 3 × 10−4 NK/nm2 an increase of K in the bilayer graphene with respect to the
adjacent single layer graphene domain is evident, resulting about 3 times higher in the
bilayer domain than in the single layer domain at t = 87 s.
As detailed in section 2.2, experimental studies on related systems report the interca-
lation through vacancy defects taking place above a critical coverage [75]. The density of
adsorbates for this critical coverage is two orders of magnitude higher than in the presented
experiment. In addition, the intercalation through vacancy defects on graphite has been
observed only at high temperatures, while at room temperature it has been observed only
nucleation in correspondence of these defect sites and the intercalation pathway is through
step edges on the basal plane [247]. Therefore, it is conceivable to assume the diffusion
through the step edge as the principal intercalation mechanism in the above reported data
(Figure 4.6).
Lithium deposition has been recorded with a frame rate of 25 fps. In Figure 4.8, a
few frames recorded during the deposition are shown. The plot of the Li particle density
on single layer and bilayer graphene as a function of time is reported in Figure 4.9b. As
in case of K deposition, also for Li the identification of single entities was possible only
in the first 160 s out of 220 s of total acquisition. Also, the evolution of Li deposition is
similar to what observed for K. Above the threshold density of ρLi ≈ 8×10−4 NLi/nm2, the
density in the bilayer graphene domain increases with respect to the single layer graphene
domain, reaching at t = 160 s a value about 2.3 times higher than on the single layer
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graphene domain. These results are in qualitative agreement with DFT calculations for Li
in the bilayer graphene, predicting that the intercalation is energetically more favourable
than the adsorption [134]. More details about these simulations are reported in the section
2.2. As for K, also for Li the intercalation most likely occurs by diffusion through the step
edge.
The movie on Li deposition shows an increase of the particle density in the bilayer
graphene while little diffusion can be observed for Li adatoms. This result can be in-
terpreted in terms of different mobility for adsorbed and intercalated Li atoms, with the
mobility on the single layer being much higher than in between the bilayer. The bright
spots identified on the single layer graphene domain are most likely localised at or around
defects in graphene and can perform limited hopping around these “traps”. The Li atoms
newly adsorbed form the vapour phase onto the single layer graphene are probably moving
very rapidly and are not detectable with 25 fps before they reach the step to the bilayer
graphene domain and intercalate in between the two layers where, as a consequence, the
density apparently increases. The same picture probably applies also to those atoms that
adsorb on the top of the bilayer graphene domain and diffuse reaching the domain bound-
ary at a descending step. Under these considerations, the temporal evolution data reported
in Figure 4.9 can be interpreted as follows: the number of detected particles in the single
layer graphene domain might be less than the number of adsorbed atoms. Assuming that
the diffusion of the adsorbates is similar in both domains, ρSLG coincides with the density
of detected adsorbates in the bilayer graphene domain. Given this, ρSLG is the adsorbates’
contribution to the total particle density ρBLG in the bilayer graphene. The faster increase
of ρBLG with respect to ρSLG during the deposition, shown in Figure 4.9, provides evidence
that the excess of particles measured in the bilayer graphene domain is due to intercalated
ions.
Equilibrium state
While the evolution of K and Li deposition exhibited similar features, the evolution of
their particle distribution was significantly different once the evaporator has been stopped.
On the left side of Figure 4.10, images acquired a few seconds before interrupting the
deposition of K (Figure 4.10a) and Li (Figure 4.10c) are reported, while on the right
side holograms acquired more than one minute after the deposition was stopped (Figure
4.10b and Figure 4.10d for K and Li, respectively) are shown. Observing the evolution
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Figure 4.7: Holograms of free-standing single layer (SLG) and bilayer (BLG) graphene
acquired at different times during K deposition with an exposure of 0.5 s. The K evaporator
has been powered with a current of 6.5 A. The scale bar corresponds to 50 nm.
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Figure 4.8: Holograms of free-standing single layer (SLG) and bilayer (BLG) graphene
acquired at different times during Li deposition. Each image has been acquired with an
electron energy of 80 eV and an exposure of 40 ms. Li has been deposited powering the
evaporator with a current of 7.6 A. The scale bar corresponds to 50 nm.
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Figure 4.9: Temporal evolution of K and Li density of particles on free-standing graphene.
(a) Density of K particles on single layer graphene (SLG) and on bilayer graphene (BLG)
as a function of time. (b) Density of Li particles on SLG and on BLG as a function of
time.
of the particle densities after interrupting the deposition, samples showed no significant
variations in the density of particles on each domain already after 40 s. For this reason, a
time interval of 90 s for K and 60 s for Li from the end of the deposition has been supposed
to be long enough to consider samples having reached an equilibrium distribution.
In the hologram concerning K acquired soon before the end of the deposition (Figure
4.10a) both single layer and bilayer graphene domains are populated; Figure 4.10b, ac-
quired at the equilibrium distribution, shows instead a pronounced decreasing of coverage
on the single layer graphene, with respect to the bilayer domain that remains highly popu-
lated. The particle densities obtained from this last image are ρSLG = 3.9× 10−4 NK/nm2
on the single layer graphene and ρBLG = 9 × 10−3 NK/nm2 on the bilayer graphene do-
main, corresponding to a coverage of θSLG = 0.81 × 10−4 ML and θBLG = 1.9 × 10−3
ML3. For these low coverages, the distance between K particles is large enough to neglect
the Coulomb interaction between them. Assuming that the thermodynamic equilibrium
has been reached and that transitions between the single layer and the bilayer graphene
domain occur without altering the average densities of particles in the two domains, the
difference in the free energy of binding ∆E between the binding states on the single layer
3The coverage is here calculated as θ = ρ/ρmax, where ρ is the density of adsorbates and ρmax is the
maximum density of adsorbates achievable (i.e. the density of 1 ML of atoms). 1 ML of K on the graphite
surface corresponds to a density of 4.8 atoms/nm2 [71]. For the bilayer graphene, this value represents the
maximum density of K intercalated achievable.
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and bilayer graphene can be related to the ratio between ρSLG and ρBLG through the
Boltzmann factor:
ρSLG
ρBLG
= e
−
∆E
kBT (4.1)
where kB is the Boltzmann constant and T the absolute temperature. From this equation,
a value of ∆E = 0.08 ± 0.01 eV has been obtained, which indicates that the interca-
lation in the bilayer graphene is energetically more favourable than the adsorption on
the single layer graphene. In this analysis the existence of only two binding states has
been assumed: K can be adsorbed on the single layer graphene domain or can be interca-
lated between the two graphene layers in the bilayer graphene. This assumption holds in
the case of perfect single layer and bilayer graphene. However, there might be trapping
sites, like vacancy defects, that constitute a third binding state. Hence, the calculated
free energy difference of binding assuming ideal graphene is an underestimated value and
should therefore be considered as a lower limit. A further argument supporting the in-
terpretation of intercalated K in the bilayer graphene domain comes from the calculation
of the density of intercalated particles. Under the assumption that the density of ad-
sorbates is the same on both domains, the density of intercalated particles is given by
ρint = ρBLG − ρSLG = (9 ± 1) × 10−3 NK/nm2. Thus, the contribution of the adsorbed
particles to ρBLG is minimal, and the bright spots observed in the bilayer graphene domain
arise mostly from intercalated ions.
In contrast to the observed behaviour of K atoms, deposited Li particles were still
present on both the single layer and the bilayer graphene domains 60 s after the evaporator
has been turned off (Figure 4.10c-d). The single layer graphene domain showed holograms
of clusters featured by different size and shape. Moreover, no dynamics have been observed
for such clusters. Therefore, no equilibrium distribution can be assumed, and consequently,
no binding energy calculation can be performed. The formation of stable Li clusters on
the single layer graphene, however, is consistent with DFT simulations reported in the
literature and summarized in section 2.1.1, predicting that the nucleation barrier decreases
with Li coverage, overcoming the dipole-dipole repulsion and favouring the aggregation
of Li atoms [82, 133, 248]. In the bilayer graphene domain, instead, few features show
some mobility, although strongly limited by the surrounding charged stable features. The
analysis of the dynamics of 17 features on an area of 6.5 × 103 nm2 is reported in the
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4.2. Alkali metal atoms on adjacent domains of free-standing single layer and
bilayer graphene
Figure 4.10: Distribution of K and Li deposited on free-standing single layer graphene
(SLG) and bilayer graphene (BLG). (a) Hologram acquired after continuous K deposition
for 136 s with 54 eV electrons and (b) 90 s after the deposition has been stopped, imaged
with 57 eV electrons. (c) Hologram acquired after con- tinuous Li deposition for 220 s
and (d) 60 s the deposition has been stopped. Both holograms are acquired at an electron
energy of 80 eV. The scale bar corresponds to 50 nm.
Appendix B. A root mean square displacement
√〈r2〉 ∼ 10 nm/s has been obtained for
such features, with a mean jumping rate of about 5 jumps per second. This different
behaviour of Li particles on single layer and bilayer graphene domains provides a further
indication for intercalated particles in between the bilayer.
4.2.2 Cesium deposition
The deposition of Cs showed results similar to those reported on K. In Figure 4.11a
the hologram acquired before Cs deposition is shown. It exhibits several clusters, more
concentrated on the single layer graphene likely formed during the sample preparation
process. In Figure 4.11b the hologram acquired 90 s after the interruption of the evapora-
tion is reported. As observed with K, the bilayer graphene shows a higher particle density
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Figure 4.11: Cesium deposition on free-standing single layer graphene (SLG) and bilayer
graphene (BLG). (a) Hologram acquired before Cs deposition. It is possible to distinguish
pre-existing adsorbates, which are concentrated mainly on the single layer domain. (b)
Hologram acquired 90 s after having deposited Cs for 5 min powering the evaporator
with Iev = 5 A. The electron beam energy is 100 eV for both holograms. The scale bar
corresponds to 50 nm.
with respect to the single layer graphene region. The particle density for Cs amounts to
ρBLG = 3.3 × 10−2 NCs/nm2, a value comparable with the corresponding particle density
found for K (ρBLG = 9× 10−3 NK/nm2). On the single layer graphene domain, Cs nucle-
ates around the pre-existing adsorbates forming positively charged clusters, as indicated
by the intense bright spot in their holograms. The density of adsorbates on the single
layer graphene domain is strongly influenced by these pre-existing clusters, and thus the
assumptions of Equation 4.1 are not valid any more. Nevertheless, since on the single layer
graphene only Cs adsorbates anchored to the pre-existing contaminations are present, it is
reasonable to expect a value ∆E for Cs even larger than in the case of K. This analogous
difference in the final distribution on the single layer and bilayer graphene for K and Cs is
expected to some extent because of their similar behaviour in other graphene systems, as
described in section 2.2; for example, both alkali metals readily intercalate into graphite
under similar conditions [64,71].
4.2.3 Palladium deposition
To complete the picture of alkali metal intercalation, a control experiment depositing
Pd as representative of a non-alkali metal has been performed. As in the case of alkali
metal experiments, it was selected a suspended graphene window with domains of single
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layer and bilayer graphene (see Figure 4.12a). During the deposition, the formation of
islands whith roughly the same concentration in both domains has been found. Therefore,
no more pronounced concentration on the bilayer graphene as in alkali metal deposition
has been observed. In Figure 4.12b the two holograms of Pd on single layer and bilayer
graphene are shown, while their amplitude and phase reconstructions are shown in Figure
4.12c. Since Pd adsorbates are neutral objects (they do not exhibit bright spots), their
holograms can be reconstructed applying the regular algorithm described in Ref. [196].
Such reconstructions show the formation of islands whose diameter ranges from 22 to
60 nm, characterised by a non-regular shaped border. The experimental setup does not
provide information on the thickness of the nucleated clusters, but at the same time data
do not contain evidences for Pd intercalation in the bilayer graphene.
This behaviour is consistent with the experimental studies of Pd deposition on HOPG
and on supported graphene at room temperature reported in the literature, detailed in
section 2.3, where a strong tendency to three-dimensional cluster formation was reported.
The intercalation of Pd has been observed only upon thermal annealing at high tempera-
tures. Since the Pd-graphene adsorption energy is smaller than the Pd-Pd cohesive energy,
from classical nucleation theory [249] it is conceivable to expect a three-dimensional growth
of Pd clusters on graphite as well as on graphene. The deposition conditions for the exper-
iments reported in section 2.3 are not comparable with those used in the present work, in
which the Pd cluster growth is influenced by the electron beam illumination (more details
about will be provided in section 4.3.1). Despite these differences, even in this case the
formation of Pd agglomerates has been observed. No evidence of Pd intercalation in the
bilayer graphene domain has been observed. The formation of islands, reported on both
domains, could prevent from Pd intercalation at room temperature.
4.3 Palladium deposition on free-standing single layer graphene
The study of metal adsorption and nucleation on free-standing graphene has involved
Pd deposition as a representative of the transition metals. This section investigates the
effect of the electron beam on the growth (size and density) of Pd clusters. Included is a
comparison between the LEEPS and TEM images of the same samples.
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Figure 4.12: Palladium deposition on free-standing single layer graphene (SLG) and bilayer
graphene (BLG). (a) The selected window before Pd deposition. The energy of the electron
beam is 80 eV. (b) Holograms acquired after Pd deposition. The hologram in the yellow
square corresponds to the SLG region indicated in (a), while the one in the green square
corresponds to the BLG region. Both holograms are recorded illuminating the sample
with 70 eV electrons. (c) Amplitude and phase reconstructions of the holograms shown
in (b). In all images, the scale bar corresponds to 50 nm.
4.3.1 The electron beam effect
In a typical metal deposition experiment performed using the LEEPS microscope, a sam-
ple is imaged continuously while the metal is deposited. This means that the region of
interest (ROI) under investigation is illuminated constantly by the electron beam. In this
subsection, the effect of the electron beam on Pd nucleation on free-standing graphene is
discussed.
Adjacent graphene windows on the same sample have been selected. One window has
been continuously imaged during the Pd deposition with 50 eV electrons and a beam
current of 30 nA, while the others have been imaged only before and after the deposition.
This ensured the same initial conditions for all the graphene windows and that the same
amount of Pd was deposited on them. The evaporator was powered with 4 A, and the
deposition lasted 24 min. The area of the formed clusters has been estimated from the
amplitude reconstruction of the acquired holograms. A threshold has been applied to the
reconstructed image in order to obtain a binary image, in which the background is given by
white pixels while the clusters by black pixels. The area of each cluster has been obtained
by counting the number of pixels in the corresponding black spot and multiplying this
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value by the pixel size4.
The holograms of two windows acquired after Pd deposition are shown in Figure 4.13.
The first row shows a hologram of the window imaged continuously (Figure 4.13a) as well
as a hologram of a magnified area of the same window (Figure 4.13b). The amplitude
reconstruction of the hologram, seen in Figure 4.14a, shows the formation of 28 clusters
the area of which ranges from 73 nm2 to 1853 nm2, with a mean value of 604 nm2. As seen
from the area distribution (Figure 4.14b), it is evident that these clusters are not uniform
in size or shape, with some of the clusters (especially the ones with a large area) showing
an extremely irregular shape. In the second row of Figure 4.13 is a hologram of one of the
adjacent windows that was not kept under constant electron beam illumination during Pd
deposition (Figure 4.13c) and a magnified area of this window (Figure 4.13d). In this case,
the amplitude reconstruction of the first hologram (Figure 4.14c) shows a higher density
of smaller clusters with similar shapes. Here, 44 clusters with areas ranging from 15 nm2
to 435 nm2 can be identified, the distribution of which is shown in Figure 4.14d. The area
mean value is 141 nm2. For comparison, four other windows were also imaged after the
deposition (data not shown); all showed comparable cluster sizes and distribution.
The sum of the areas of all clusters grown on the window kept under electron beam
illumination during Pd deposition is 2.7 times higher than the total area of the clusters
on the highlighted adjacent window. The emerging picture is that in presence of the
electron beam the metal adsorbates prefers to nucleate on the side of a pre-existing cluster
rather than on top of it. This behaviour has its origin in the local heating of Pd clusters
due to the electron beam irradiation. An additional contribution to the local heating
may come from the secondary electrons emitted by Pd clusters upon being hit by the
electron beam. The cluster local heating causes an increase of the surface diffusivity of
nearby adsorbed molecules and of the capture range of Pd adsorbates. The result is
the preferential aggregation of the adsorbates to the Pd island sides contributing to the
formation of irregularly shaped borders.
4The pixel size ∆x is given by the ratio between the size l and the number of pixel N of the reconstructed
image, i.e. ∆x = l/N =
dtip−sampleL
dtip−detectorN
, where dtip−sample is the distance between the tip and the sample
(this value is obtained from the in focus reconstruction), L is the size of the hologram on the detector
plane, and dtip−detector is the distance between the tip and the detector.
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Figure 4.13: Holograms of Pd clusters on graphene. (a) Hologram of the window illumi-
nated by the electron beam during Pd deposition and (b) hologram of a magnified area
of the same window, indicated by the yellow rectangle in (a). (c) Hologram of a window
imaged before and after the Pd deposition and (d) hologram of a magnified area of the
same window, indicated by the yellow rectangle in (c). The energy of the electron beam
was 60 eV for (a) and (c) and 50 eV for (b) and (d). The scale bar in (a) and (c) corre-
sponds to 100 nm, while in (b) and (d) the scale bar corresponds to 50 nm. All holograms
are distortion-corrected according to the procedure reported in section 3.2.4.
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Figure 4.14: Amplitude reconstructions of the holograms shown in Figure 4.13 and their
cluster area distributions. (a) Hologram of the amplitude reconstruction of the window
illuminated during Pd deposition and (b) histogram of the areas of the clusters grown
on the window showing the formation of rather large clusters with different areas. (c)
Hologram of the amplitude reconstruction of the window not kept under beam illumination
during Pd deposition. (d) histogram of the areas of the clusters formed on the window; in
this case, smaller clusters are observed. The scale bar in (a) and (c) corresponds to 100
nm.
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4.3.2 Palladium clusters: LEEPS vs TEM
Palladium deposited on free-standing graphene has been shown to give rise to stable
clusters. For a comparison with the images obtained by means of LEEPS microscopy,
some selected samples have been imaged using TEM, which is commonly used for the
study 2D materials. Here, only the acquisitions for the sample discussed in the previous
subsection are reported, as they provide a better understanding of Pd cluster growth on
free-standing graphene in the presence of a low-energy electron beam.
Samples have been prepared and imaged using LEEPS microscopy. They have been
imaged again before TEM investigation one to five days after Pd deposition to check the
stability of clusters. Soon after, the samples have been removed from the LEEPS micro-
scope and inserted in the TEM. During this procedure, it has been necessary to expose
samples to air. The TEM used is a Philips CM100 equipped with a Gatan Orius 1000
CCD camera5 operated with an acceleration voltage of 80 kV (located at the Microscopy
Center at the University of Zurich). The 80 kV electron beam acceleration voltage has
been chosen to reduce knock-on damage to the graphene [56].
In Figure 4.15 the amplitude and phase reconstructions of the holograms shown in
Figure 4.13a-b are compared with the TEM images of the same area. The overall shape of
the clusters imaged using LEEPS microscopy can be identified in the TEM acquisitions,
although their appearance is quite different. In LEEPS amplitude reconstructions, big
islands can be identified (Figure 4.15a-c). In the TEM images, these can be recognized as
a number of small clusters exhibiting an area of a few nm2 and arranged over the shape of
the islands imaged using LEEPS. For comparison, a nearby window on which Pd has been
deposited without the presence of the electron beam has been also imaged. The TEM
image in Figure 4.16a shows the presence of small clusters indicated by a higher contrast
and an area in the order of tens of nm2 (Figure 4.16b), that can form agglomerates of
a few clusters. In all the TEM images, the graphene membrane exhibits a thin layer of
contaminants likely the result of atmospheric contaminations that occurred during the
transfer between the two microscopes.
The acquired TEM and LEEPS images are 2D projections of the sample and there-
fore no information on cluster thickness can be obtained from them. Nevertheless, some
indication can be obtained from the comparison of the images acquired with these two
5The features of the CCD are: dimensions 4k × 2.6k pixels, 14-bit depth, pixel size of 9 µm, and
exposure time between 1 ms and 1000 s.
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microscopy techniques. The reconstructions of LEEPS holograms (Figure 4.15a-c) show
large compact islands, while the TEM images show agglomerates of small clusters. These
agglomerates cover the same area of the islands identified by LEEPS measures (Figure
4.15b-d). The presence of small clusters could be due to thicker Pd areas or to areas
on the island with a different reactivity to atmospheric contamination and contamination
from the TEM column. This result can be explained by considering the inelastic mean
free path λ(E) of electrons in Pd, which amounts to λ(80 keV)=527.3 A˚ for the electron
beam energy of TEM and to just λ(60 eV)=4.1 A˚ [250] for the electron energy used in the
LEEPS acquisition. As an example, 1-nm thick Pd film would lead to a 92% reduction
in impinging electron intensity when imaged using the LEEPS microscope with 60 eV
electrons, resulting in an opaque object. The same film in the TEM with 80 keV electrons
would lead to a reduction in the primary electron beam of only 2%. Therefore, the LEEPS
microscope is capable to detect extremely thin Pd layers that would be transparent to a
typical TEM electron beam. The Pd clusters shown in Figure 4.15a-c are thus too thin
to be properly imaged using TEM. The same considerations can be extended to the clus-
ters grown on the window not imaged during Pd deposition. In the previous section, the
formation of clusters with a mean area of 141 nm2 has been reported for the windows not
exposed to the electron beam. The TEM images for such windows, as the acquisition
reported in Figure 4.16a, exhibit clusters with an area of one order of magnitude smaller
with respect to the areas estimated from LEEPS acquisitions. Moreover, it should be
noted that the clusters shown in Figure 4.16a are larger than the clusters shown in Figure
4.15a-c, that are characterised by an area lower than 6 nm2. This may be due to thicker
Pd clusters, explaining the 2.7 times lower total area of the clusters seen in Figure 4.14c
compared to the one measured in Figure 4.14a.
4.4 Cesium nucleation on Palladium clusters
It has been shown in the previous experiments that pre-existing adsorbates act as a
favoured nucleation site and as an anchor for alkali metal deposited atoms. In this sec-
tion, the effect of Pd clusters on Cs deposition is investigated on free-standing single layer
graphene under controlled experimental conditions.
A window of extremely clean graphene has been selected, that is a window not exhibit-
ing pre-existing stable clusters originating from the sample preparation procedure. This
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Figure 4.15: Comparison between LEEPS reconstructions and TEM images. (a) Ampli-
tude and phase reconstructions of the hologram shown in Figure 4.13a, and (b) TEM
acquisition of the same graphene window. TEM image acquired at 80 kV and with a
magnification of 93k. The scale bars correspond to 100 nm. (c) Amplitude and phase
reconstructions of the hologram shown in Figure 4.13b, and (d) TEM image of the same
region of interest acquired at 80 kV and with a magnification of 180k. The scale bars
correspond to 50 nm.
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Figure 4.16: Pd clusters deposited without imaging the sample during the deposi- tion.
(a) TEM image of a window adjacent to the one reported in Figure 4.15. The scale bar
corresponds to 50 nm. (b) Area distribution of the clusters shown in (a).
precaution ensures that only Pd clusters grown in situ are present. The Pd deposition
has been performed operating the evaporator at a current of 5 A for 5 min. The cluster
growth has been monitored continuously, keeping the sample under the electron beam.
In this way, as shown in subsection 4.3.1, clusters exhibiting a wide area distribution can
be formed. In this case, 15 clusters with areas ranging from 25 nm2 to 569 nm2 over a
500× 500 nm2 graphene window have been obtained, with the mean area being 130 nm2.
Cs has been deposited subsequently, powering the evaporator with a current of 5.2 A. The
Cs dispenser has been degassed for a long time and the St 101 alloy regenerated6 before
starting the deposition, in such a way that a degassing time of only a few minutes has been
necessary to clean the dispenser before Cs deposition. Cs deposition has been performed
monitoring the ROI continuously using an electron beam energy of 47 eV.
Figure 4.17 shows holograms acquired at different times during Cs deposition. The first
hologram shows Pd clusters deposited on graphene, with two clusters of interest indicated.
Cluster A, indicated by the red arrow, has an area of 440 nm2 while cluster B, indicated
by the yellow arrow, has an area of 30 nm2. The evolution of Cs deposition shows different
features for these two clusters. At t = 90 s, a small amount of Cs is nucleated on A,
that still resembles its hologram at t = 0. Cluster B shows a bright spot, the intensity of
which increased at t = 295 s. Cluster A, instead, shows four bright spots. It should be
noted that the Cs adatom close to the cluster B exhibits an elliptical-shaped bright spot,
indicating that the amount of charge localized on B is enough for this bright spot to be
6As detailed in section 3.2.2, this procedure is necessary for a pure alkali metal vapour release from the
AMD used.
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distorted. Above 414 s of deposition, a significant amount of Cs adatoms can be found
between clusters. The last hologram in Figure 4.17 reports the cluster B after 567 s of Cs
deposition.
From these experimental observations it can be concluded that the Cs deposition pro-
ceeds with the nucleation of Cs on Pd clusters until saturation, after which Cs adatoms
can be observed on the clean graphene areas between clusters. However, the distribution
of such adsorbates can be influenced by the presence of a nearby charged cluster, as shown
in the last hologram of Figure 4.17. In the case of small Pd clusters like the cluster B
reported here, Cs adatoms are typically radially arranged with respect to clusters. More-
over, such adatoms exhibit an asymmetric bright spot on the detector, likely due to the
influence of the cluster strong localised charge on the trajectories of the probing electrons
scattered off by Cs ions.
The presence of pre-existing clusters of well-defined size and position on graphene could
be used as a route for the controlled adsorption of alkali metals that would stick to these
clusters in a stable way, thus circumventing eventual issues in practical applications that
could arise from the high mobility of alkali metals on graphene.
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Figure 4.17: Evolution of Cs deposition on graphene supported Pd clusters. The first
hologram shows Pd clusters. The red and the yellow arrows track two such clusters (A
and B, respectively) during Cs deposition. The last hologram is a magnified image of the
cluster identified by the yellow arrow at the end of the deposition. All holograms have
been acquired with an electron beam energy of 47 eV, except for the last one that has
been acquired with electron beam energy of 34 eV. All holograms are distortion-corrected,
and the scale bar corresponds to 50 nm.
99
CHAPTER 4. Metal adsorption and nucleation on free-standing graphene
100
Chapter 5
Conclusions and Outlook
This thesis reports the first in situ direct observation of individual alkali metal adsorption
events on single-layer and intercalation into bilayer graphene by mean of a dedicated
LEEPS microscope.
The adsorption of Cs, K and Li on free-standing single-layer graphene has been re-
ported in section 4.1. The resulting positively charged alkali ion is identified by a bright
spot in the image. An interesting effect has been observed after the deposition has been
interrupted: the amount of Cs and K rapidly decreases, while a Li adatom tends to per-
sist on the adsorption site. However, whether Cs and K migrate towards the graphene
window frame, where there is an interface with the Pd covered substrate, sticking on the
Pd supported graphene and eventually intercalating, or desorb is still an open question
that could not be addressed with the setup and investigation techniques employed in this
work.
The intercalation of alkali metals into bilayer graphene has been investigated by se-
lecting sample areas exhibiting both single-layer and bilayer domains. It is conceivable
that the intercalation at the step edge between the two domains proceeds much like in
the case of graphite. The evolution of Li and K deposition has shown that the density of
alkali ions on the bilayer domain increases more rapidly than on the single layer graphene
during the deposition, indicating that the atoms of the two species intercalate into the
bilayer domain. Once the deposition of K respectively Cs has been stopped an equilibrium
distribution with a higher particle density in the bilayer domain evolved. The calculated
value for the difference of the free energy of binding between these two binding states for
K amounts to ∆E = (0.08± 0.01) eV, indicating the adsorption on single-layer graphene
as the energetically less favourable state. In the case of Li, the formation of stable adsor-
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bates has been observed. A control experiment with Pd has shown no intercalation in the
bilayer domain.
The effect of the electron beam during Pd deposition has also been investigated and
its consequence for the nucleation process of Pd clusters. The comparison between the
ROI imaged during the deposition and an adjacent window imaged only before and after
the deposition has led to significant differences. The clusters grown on the graphene
window illuminated by the electron beam are characterised by a wider area, a broader size
distribution, and a lower cluster density compared to those grown on the window which
has not been continuously illuminated by the electron beam. The explanation for the
formation of larger clusters relies in the emission of secondary electrons from the adsorbed
Pd upon electron beam exposure. Such inelastic processes cause local heating promoting
the nucleation on the side of the already formed islands by locally enhanced diffusion.
These samples have also been imaged in a TEM for a comparison with the LEEPS results.
A big cluster imaged by LEEPS can be recognised in TEM acquisitions as a group of
much smaller features distributed on the same area. This difference is related to the
different inelastic mean free path of the probing electrons of these two techniques, being
two orders of magnitude larger for the 80 keV electrons of the TEM with respect to the
60 eV electrons of the LEEPS microscope. Therefore, LEEPS microscopy allows to image
thin samples that would be transparent in TEM imaging.
The last investigation, presented in section 4.4 of this work, concerns the deposition
of Cs on Pd clusters of different size. The evolution of Cs deposition has shown that Pd
clusters are preferred adsorption sites for Cs atoms. The nucleation around Pd clusters
proceeded until a saturation point has been reached, after which Cs got adsorbed between
these charged clusters. It has been observed that the intensity of the charged clusters,
and thus the amount of adsorbed Cs, did not decrease once the deposition has been
stopped. This result suggests that pre-existing clusters on free-standing graphene can
thus be successfully used as anchors for stable adsorption of alkali metal atoms. These
findings could represent a route for practical applications in the field of nanoelectronics
where the use of doped graphene might represent a viable solution. However, for such
applications a systematic study of the electronic properties of graphene doped by alkali
metal deposition on uniformly sized clusters as a function of cluster size and cluster density
would be necessary.
Despite the results reported in this work on alkali metal intercalation into bilayer free-
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standing graphene through the interface with the single layer domain, a study of interca-
lation through the graphene surface is still an open question. In particular, alkali metal
deposition performed on a sample with the step edge exposed towards the tip would be
necessary to investigate whether and under which conditions intercalation occurs through
the first graphene layer and, thus, to compare the outcome with the results reported in
the literature on supported bilayer graphene. Moreover, the study on alkali metals de-
posited on free-standing graphene needs to be completed with the deposition of Na that,
differently from the investigated Cs, K and Li, is expected not to intercalate through the
step edge.
The findings reported in this thesis demonstrate that LEEPS microscopy can open new
opportunities for investigating adsorption and intercalation phenomena on free-standing
graphene. A future development of LEEPS microscopy might be in merging the capabil-
ities of this technique with the information obtained by a four-point transport measure-
ments of the sample revealing the conductivity during alkali metal deposition; it would
thus be possible to compare the transport properties with the adsorbed or intercalated
phase identified in the corresponding images. In addition, the possibility to change the
temperature of the sample can provide further insight on the energetics involved. The im-
provement of the temporal resolution would be desirable to access the dynamics of alkali
metal adsorbates on free-standing graphene.
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Appendix A
Simulations of the probing
electron trajectories deflected by
an ion on graphene
The following section reports simple electrostatic simulations showing some difference in
the deflection of the probing electron trajectories from an adsorbed ion and an interca-
lated one. Unfortunately, from the experimental data, we are not able to distinguish
adsorbed from intercalated atoms. This discrepancy between simulations and experimen-
tal data may be due to our oversimplified model that does not consider a realistic charge
redistribution. DFT simulations would be helpful in this sense.
The electron trajectory path has been calculated solving the equation of motion:
m~¨r = −e ~E(~r)
where m is the mass of the electron, e is the elementary charge, and ~E(~r) is the electric
field distribution. The electric field distribution is related to the potential distribution
V (~r) generated by the charged particle through:
~E(~r) = −∇V (~r) (A.1)
The calculation of ~E(~r) can be performed describing V (~r) generated by an ion ad-
sorbed on graphene or intercalated in the bilayer graphene domain with the charges images
method.
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APPENDIX A. Simulations of the probing electron trajectories deflected by
an ion on graphene
A.1 Adsorbed ion
The ion on single layer graphene has been modelled as a point-like positive charge q = +e
at a distance h from an infinite conductive plane. The values for h are 1.7 A˚ for Li and
2.7 A˚ for K [139]. The potential from the charge images method is:
V (~r) =
q
4piε0
 1√
x2 + y2 + (z − h)2
− 1√
x2 + y2 + (z + h)2
 for z > 0
V (~r) = 0 for z ≤ 0
The electric field is given by equation A.1. For the rotational symmetry of the problem,
only the x and z direction are considered:
Ex(x, z) =
q x
4piε0
 1(
x2 + (z − h)2
) 3
2
− 1(
x2 + (z + h)2
) 3
2
 for z > 0
Ez(x, z) = − q
4piε0
 z + h(
x2 + (z + h)2
)3/2 − z − h(
x2 + (z − h)2
)3/2
 for z > 0
The simulated trajectories for K and Li ions are shown in Figure A.1a and Figure A.2b,
respectively. An ion adsorbed on the surface of the bilayer graphene can be modelled by
a point-like positive charge at a distance h above two infinite conductive planes both
at ground potential. The solution to this electrostatic problem is identical to the one
for the single layer derived above since the image charge would be at the very same
position. According to this simple electrostatic model, a charge on single layer and on
bilayer graphene would give rise to the same deflection imposed on the probing electrons.
A.2 Intercalated ion
The intercalated ion has been modelled as a point-like positive charge q = +e placed
midway (at z = 0) between two infinite grounded conductive planes at z = −dint/2 and
z = +dint/2, where dint is the interlayer distance between the intercalated graphene layers.
According to Kaneko et al. [139], dint = 3.6 A˚) for Li and dint = 5.4 A˚) for K. The potential
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calculated by the method of image charges is given by the sum of an infinite number of
mirror charges between the planes [251]:
V (~r) =
q
4piε0
∞∑
n=−∞
(−1)n√
x2 + y2 + (z − n dint)2
for − dint < z < dint
V (~r) = 0 for z ≤ −dint and z ≥ dint
Considering again for symmetry reasons only the x and z directions, the electric field
is given by:
Ex(x, z) =
q
4piε0
∞∑
n=−∞
(−1)n x
(x2 + (z − n dint)2)3/2
for − dint < z < dint
Ez(x, z) =
q
4piε0
∞∑
n=−∞
(−1)n(z − n dint)
(x2 + (z − n dint)2)3/2
for − dint < z < dint
In the simulations shown in Figure A.1b for K and Figure A.2b for Li, the sum runs
from n = −1000 to n = 1000.
The comparison between the probing electron trajectories deflected by an adsorbed ion
and an intercalated ion are reported in Figure A.1c and Figure A.2c for K and Li, respec-
tively. It is evident that for both metals an adsorbed ion deflects an electron trajectory
more than an intercalated one.
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Figure A.1: Simulations of electron trajectories in the presence of a charged K ion on
single layer graphene and intercalated in bilayer graphene using the potential calculated
with the method of image charges. In accordance with typical experimental conditions,
80 eV electrons were used for the simulations. (a) The K ion adsorbed on single layer
graphene has been modelled as a point-like charge +e placed at a distance h=2.7 A˚
from a conductive infinite plane, represented by the black line in the picture. (b) The K
ion intercalated in bilayer graphene has been modelled as a point-charge placed midway
between two infinite parallel conducive planes at a distance dint = 5.4 A˚ from each other
(depicted as two black lines). The red dashed circle in (a) and (b) indicates the size of
the K ion, which has an ionic radius of 152 pm. (c) Comparison between the trajectory
deflection for an adsorbed (blue line) and an intercalated (red line) ion. The values of h
and dint used here have been calculated by Kaneko et al. [139].
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Figure A.2: Simulations of electron trajectories in the presence of a charged Li ion on
single layer graphene and intercalated in bilayer graphene using the potential calculated
with the method of image charges. In accordance with typical experimental conditions,
80 eV electrons were used for the simulations. (a) The Li ion adsorbed on single layer
graphene has been modelled as a point-like charge +e placed at a distance h=1.7 A˚ from
a conductive infinite plane, represented by the black line in the picture. (b) The Li
ion intercalated in bilayer graphene has been modelled as a point-charge placed midway
between two infinite parallel conducive planes at a distance dint = 3.6 A˚ from each other
(depicted as two black lines). The red dashed circle in (a) and (b) indicates the size of
the Li ion, which has an ionic radius of 90 pm. (c) Comparison between the trajectory
deflection for an adsorbed (blue line) and an intercalated (red line) ion. The values of h
and dint used here have been calculated by Kaneko et al. [139].
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Li cluster dynamics in the bilayer
graphene domain
After having deposited Li on two adjacent domains of bilayer and single layer graphene,
a movie of the ROI has been acquired after more than 1 minute from the end of the
deposition. While the clusters formed on the single layer domain do not exhibit any
motion, some features on the bilayer domain exhibit some mobility. The dynamics of
17 features, indicated by arrows in Figure B.1a, on a bilayer graphene domain area of
6.5 × 103 nm2 has been analysed at the frame rate resolution of 40 ms over a time of
3 s. The motion of such features can be described as a hopping between 2 to 5 sites
(Figure B.1b). The square root of their mean square displacement,
√〈r2〉, on subsequent
frames has been found to be about 10 nm per second with a mean jumping rate of about
5 jumps per second. The plot of the hopping rate versus
√〈r2〉, reported in Figure
B.1d, shows no correlation between these two quantities, indicating that no random walk
can be assumed for these features. Their motion is strongly influenced and confined by
surrounding charged stable features. The observation of some dynamics for features in the
bilayer graphene domain could be likely due to the position of such particles in between
the bilayer, supporting the hypothesis of intercalation.
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Figure B.1: Li particles dynamics in the bilayer graphene domain. (a) Hologram of par-
ticles in the bilayer graphene domain acquired with 80 eV electrons. The motion of the
particles indicated by yellow arrows has been investigated. The scale bar corresponds to
20 nm. (b) Trajectories of the particles investigated. (c) Distribution of the square root
of their mean square displacement
√〈r2〉 per second. (d) Distribution of the hopping
rate. (e) Plot of the hopping rate versus the square root of
〈
r2
〉
per second. The points
are randomly distributed, and therefore no correlation between the two quantities can be
identified.
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